. [

NASA Conference Publication 2449

Rapid
Fluctuations
In Solar Flares

Proceedings of a workshop held at
The Ramada Hotel
Lanham, Maryland

September 30-October 4. 1985

NNASAN




NASA Conference Publication 2449

Rapid
Fluctuations
In Solar Flares

Edited by

Brian R. Dennis and Larry E. Orwig
NASA Goddard Space Flight Center
Greenbelt, Maryland

Alan L. Kiplinger
Systems Applied Sciences Corporation-Technologies
Landover, Maryland

Proceedings of a workshop held at
the Ramada Hotel

Lanham, Maryland

September 30-October 4, 1985

NANASA

National Aeronautics
and Space Administration

Scientific and Technical
Information Branch

1987



TABLE OF CONTENTS

Page
PARTICIPANT S e e e e vii
PREFACE .. o ix
RAPID FLUCTUATIONS IN SOLAR FLARES ... ... . . . e 1
Peter A. Sturrock
SECTION 1
X-RAYS
SUB-SECOND VARIATIONS OF HIGH-ENERGY (> 300 keV) HARD X-RAY EMISSION FROM
SOLAR FLARES . . e 29
Taeil Bai
INTERPRETATION OF RAPID RISES IN HARD X-RAYS AND MICROWAVES WITH THE
THERMAL CONDUCTION FRONT MODEL . ... ... e 35
D. A. Batchelor
IMPULSIVE PHASE SOLAR FLARE X-RAY POLARIMETRY ........... ... .. ... ... ... . ...... 47
Gary Chanan, A. Gordon Emslie, and Robert Novick
PERSISTENT TIME INTERVALS BETWEEN FEATURES IN SOLAR FLARE HARD
X-RAY EMISSION .o e 63
Upendra D. Desai, Chryssa Kouveliotou, C. Barat, K. Hurley, M. Niel, R. Talon, and G. Vedrenne
EVIDENCE FOR BEAMED ELECTRONS IN A LIMB X-RAY FLARE OBSERVED BY HXIS ......... 75
Eberhard Haug and Gerhard Elwert
A STUDY OF STARTING TIME IN GREAT HARD X-RAY FLARES .......... ... ... ... ........ 79

K. L. Klein, M. Pick, and A. Magun

STATISTICAL ANALYSIS OF FAST HARD X-RAY BURSTS BY SMM OBSERVATIONS AND
MICROWAVE BURSTS BY GROUND-BASED OBSERVATIONS ...... ... ... ... ... .. ... ... ... 85
Li Chun-sheng and Jiang Shu-ying

MICROWAVE AND HARD X-RAY EMISSIONS DURING THE IMPULSIVE PHASE OF SOLAR

FLARES: NONTHERMAL ELECTRON SPECTRUM AND TIME DELAY .......................... 91
Gu Ye-ming and Li Chun-sheng

HARD X-RAY IMAGING OBSERVATION OF FLUCTUATING BURSTS ............ ... ... ........ 111
K. Ohki and M. Harada

HARD X-RAY DELAY S . e e e 121
Richard A. Schwartz

FAST FLUCTUATIONS OF SOFT X-RAYS FROM ACTIVE REGIONS ............................ 123

G. F. Simnett and B. R. Dennis

SECTION 2
RADIO AND MICROWAVES

RADIO AND MICROWAVE GROUP SUMMARY OF DISCUSSIONS ... ... ... . . i 131
Arnold O. Benz

iii PRECEDING PAGE BLANK NOT FRUMED



TABLE OF CONTENTS (Continued)

Page
EXTREMELY RAPID RADIO SPIKES IN FLARES (ReVieW) ...........ooiiuiiiaiiiaiinnnnan.n.. 133
A. O. Benz
RELATION BETWEEN SOLAR NARROW-BAND DECIMETER WAVE BURSTS AND ASSOCIATED
X-RAY BURST S .. 145
Shinzo Enome and Larry E. Orwig
POSITION MEASUREMENTS OF RAPIDLY FLUCTUATING MICROWAVE BURSTS ............... 147
K. Kai and H. Nakajima
THE ROLE OF NARROWBAND DM-SPIKES IN SOLAR FLARES ......................... ..., 155

Marian Karlicky

THE POSSIBLE IMPORTANCE OF SYNCHROTRON/INVERSE COMPTON LOSSES TO EXPLAIN
FAST MM-WAVE AND HARD X-RAY EMISSION OF A SOLAR EVENT . ............. i . 161
E. Correia, P. Kaufmann, J. E. R. Costa, A. M. Zodi Vaz, and B. R. Dennis

RAPID SPECTRAL AND FLUX TIME VARIATIONS IN A SOLAR BURST OBSERVED AT VARIOUS
DM-MM WAVELENGTHS AND AT HARD X-RAYS .. ..o e 171
A. M. Zodi Vaz, P. Kaufmann, E. Correia, J. E. R. Costa, E. W. Cliver, T. Takakura,
and K. F. Tapping

QUASI-PERIODIC PULSATIONS IN SOLAR HARD X-RAY AND MICROWAVE FLARES ........... 185
Takeo Kosugi and Alan L. Kiplinger

MICROWAVE MILLISECOND SPIKE EMISSION AND ITS ASSOCIATED PHENOMENA DURING

THE IMPULSIVE PHASE OF LARGE FLARES .......... ... ... . i 193
LI Chunsheng, JIANG Shuying, LI Hongwei, and FU Qijun

THE MICROWAVE SPECTRUM OF SOLAR MILLISECOND SPIKES ...............cooiiiii. ... 205
M. Stahli and A. Magun

SOLAR VLBl .. 211
H. F. Tapping and J. Kuijpers

TEMPORAL FREQUENCY OF RADIO EMISSIONS FOR THE APRIL 25, 1984 FLARE .............. 215
G. D. Wells, B. A. Hausman, and H. W. Kroehl

SOLAR MICROWAVE MILLISECOND SPIKE AT 2.84 GHZ .............. ... i, 237

Qi-Jun Fu, Sheng-zhen Jin, Ren-yang Zhao, Le-ping Zheng, Yu-ying Liu, Xioa-cong Li, Shu-lan Wang,
Zhi-jun Chen, and Chu-min Hu

SECTION 3
THERMAL RESPONSE

THE SENSITIVITY OF Hoe PROFILES TO RAPID ELECTRON BEAM FLUCTUATIONS ............. 249
Richard C. Canfield and Kenneth G. Gayley
A SEARCH FOR FAST VARIATIONS IN THE Fe XXI EMISSION DURING SOLAR FLARES ........ 263

Chung-Chieh Cheng

FAST TEMPORAL CORRELATION BETWEEN HARD X-RAY AND ULTRAVIOLET
CONTINUUM BRIGHTENINGS . . .o 271
Marcos E. Machado and Pablo J. Mauas




TABLE OF CONTENTS (Continued)

Page
COMPARISON OF SOLAR HARD X-RAY AND UV LINE AND CONTINUUM BURSTS WITH HIGH
TIME RESOLUTION ... i it it et et et i 277
L. E. Orwig and B. E. Woodgate
OV AND HARD X-RAYS, OBSERVATIONS AND MODEL CALCULATIONS ...................... 279
A. 1. Poland and J. T. Mariska
RAPID SOFT X-RAY FLUCTUATIONS IN SOLAR FLARES OBSERVED WITH THE
X-RAY POLYCHROMATOR . ...ttt ettt ittt ittt ettt ettt 289
D. M. Zarro, J. L. R. Saba, and K. T. Strong
SOFT X-RAY OSCILLATIONS DURING THE FLARE OF 7 AUGUST 1972 ........................ 299
Roger J. Thomas, Werner M. Neupert, and William T. Thompson
RAPID CHANGES IN Ha-FLARES CORRELATED WITH MICROWAVES ......................... 301
~ J-P. Wiilser and N. Kdmpfer
SECTION 4
PLASMA PHYSICS
PLASMA TURBULENCE AND IMPULSIVE UV LINE EMISSION IN SOLAR FLARES .............. 311

John C. Brown

ELECTRON-CYCLOTRON MASER AND SOLAR MICROWAVE MILLISECOND SPIKE EMISSION ... 319
Li Hong-wei, Li Chun-sheng, and Fu Qi-jun

THE EFFECT OF BEAM-DRIVEN RETURN CURRENT INSTABILITY ON SOLAR HARD
X-RAY BURST S ottt ittt e e e e e e e e e e e 327
D. Cromwell, P. McQuillan, and J. C. Brown

ELECTRON-CYCLOTRON MASER EMISSION DURING FLARES: EMISSION IN VARIOUS MODES

AND TEMPORAL VARIATIONS ..ottt it et ettt et et ettt ettt 341
R. R. Winglee and G. A. Dulk

IMPULSIVELY GENERATED FAST CORONAL PULSATIONS . ... ..ttt iienenes 347
P. M. Edwin and B. Roberts

SHOCK ACCELERATION OF ELECTRONS AND IONS IN SOLAR FLARES ................. ... ... 359

Donald C. Ellison and Reuven Ramaty

THE GENERATION OF RAPID SOLAR FLARE HARD X-RAY AND MICROWAVE FLUCTUATIONS
IN CURRENT SHEET S ..ottt ettt e e e e e e e e e e e e e e e e e e e 361
Gordon D. Holman

THE QUASI-LINEAR RELAXATION OF THICK-TARGET ELECTRON BEAMS IN SOLAR FLARES .. 373
K. G. McClements, J. C. Brown, and A. G. Emslie

THE PROPAGATION OF SOLAR FLARE PARTICLES IN A CORONALLOOP ..................... 383
J. M. Ryan
SIGNATURES OF CURRENT LOOP COALESCENCE IN SOLAR FLARES ......................... 393

J. Sakai, E. Zaidman, T. Tajima, H. Nakajima, T. Kosugi, and F. Brunel



TABLE OF CONTENTS (Continued)

Page
THERMAL WAVES OR BEAM HEATING IN THE 1980, NOVEMBER S FLARE ................... 435
Dean F. Smith
A DOUBLE LAYER MODEL FOR SOLAR X-RAY AND MICROWAVE PULSATIONS .............. 445
K. F. Tapping
THEORETICAL STUDIES ON RAPID FLUCTUATIONS IN SOLAR FLARES ............... .. .. ... 455
Loukas Vliahos
SECTION 5
FUTURE PLANS
A JAPANESE PLAN: LARGE RADIO HELIOGRAPH IN THE SOLAR MAX #22 ........ . . ... . ... ... 461
Shinzo Enome
THE HESP PROJECT . . . o 467
H. Kai
THE PROPOSED NRAO MILLIMETER ARRAY AND ITS USE FOR SOLAR STUDIES .............. 471

Mukul R. Kundu

vi




Collection Editors: Brian R. Dennis, Alan Kiplinger, and Larry Orwig

Scientific Organizing Committee:

John Brown
Brian Dennis
Gordon Emslie
Gordon Hurford
Alan Kiplinger

Local Organizing Committee:

Brian Dennis
Bernie Gibson
Steve Graham
Shelby Kennard
Alan Kiplinger
Larry Orwig
Kim Tolbert
Gloria Wharen

University of Glasgow, Scotland
Goddard Space Flight Center

University of Alabama in Huntsville
California Institute of Technology
Goddard Space Flight Center

vii



NAME

Taeil Bai

David Batchelor
Arnold Benz
John C. Brown
Marilyn Bruner
Richard Canfield
Chung-Chieh Cheng
Emilia Correia
Carol Crannell
David Cromwell
Brian Dennis
Upendra Desai
Patricia Edwin
Gordon Emslie
Shinzo Enome
Judy Fennelly
Fu Qui Jun

Dale Gary
Kenneth Gayley
Tom Gergely
Eberhard Haug
Gordon Holman
Gordon Hurford
Keizo Kai
Sharad Kane
Pierre Kaufmann
Alan Kiplinger
Ludwig Klein
Takeo Kosugi

Chryssa Kouveliotou

Mukul Kundu
Ted LaRosa

Li Chun-sheng
Bob Lin

Raffaella Loiacono

Marcos Machado
John Mariska

Kenneth McClements

Robert Novick
Larry Orwig
Arthur Poland
James Ryan
Julia Saba
Jun—-ichi Sakai
Richard Schwartz
Dean Smith

Dan Spicer
Markus Staehli

PARTICIPANTS

GROUP

X-rays

X-rays

radio

plasma physics
thermal response
thermal response
thermal response
microwaves
X-rays

plasma physics
X-rays

X-rays

plasma physics
thermal response
microwaves
thermal response
microwaves
microwaves/X-rays
thermal response
radio

X-rays

plasma physics
microwaves
microwaves
X-rays
microwaves
X-rays

X-rays
microwaves
X-rays/radio
radio

radio

microwaves
X-rays

radio

thermal respone
thermal response
plasma physics
X-rays

X~-rays

thermal response
plasma physics
thermal response
plasma physics
X-rays

plasma physics
plasma physics
microwaves

ix

INSTITUTION

Stanford U., CA

APL, Laurel, MD

ETH, Zurich

U. of Glasgow

Lockheed, Palo Alto

U. of Calif. at San Diego
NRL, Wash., DC

INPE, Sao Paulo
NASA/GSFC

U. of Glasgow

NASA/GSFC

NASA/GSFC

U. of St. Andrews

U. of Alabama, Huntsville
Toyokawa Observatory

U. of Alabama, Hunstville
U. of Md., College Park
CIT, Pasadena, CA

U. of Calif. at San Diego
U. of MD., College Park
U. der Tubingen
NASA/GSFC

CIT, Pasadena, CA

Tokyo Astron. Obs.
Berkeley, CA

INPE, Sao Paulo
NASA/GSFC

Meudon

NASA/GSFC

NASA/GSFC

U. of Md., College Park
U. of Md., College Park
U. of Nanjing

Berkeley, CA

U. of Md., College Park
NASA/MSFC

NRL, Wash., DC

U. of Glasgow

Columbia U. New York
NASA/GSFC

NASA/GSFC

U. of NH, Durham
NASA/GSFC

Toyama University

JPL, Pasadena, CA

U. of CO., Boulder
NASA/GSFC

Berne University

PRECEDING

COUNTRY

USA

USA
Switzerland
Scotland
USA

UsA

USA
Brazil
USA
Scotland
USA

USA
Scotland
USA
Japan
USA

USA

USA

USA

USA
West Germany
USA

USA
Japan
USA
Brazil
USA
France
USA

USA

USA

USA
China
USA

USA

USA

USA
Scotland
USA

USA

USA

USA

USA
Japan
USA

USA

USA
Switzerland

PAGE BLANK NOT FilhD



Keith Strong
Peter Sturrock
Ken Tapping
Roger Thomas
William Thompson

Ana Marie Zodi Vaz

Loukas Vlahos
Gary D. Wells
Steven White

Robert Winglee

Bruce Woodgate

Jean-Pierre Wuelser

Dominic M. Zarro

thermal response
review speaker
microwaves
thermal response
thermal response
microwaves
plasma physics
microwaves
plasma physics
plasma physics/
microwaves
thermal response
thermal response
thermal response

NASA/GSFC

Stanford U., CA.
Herzberg Inst., Ottawa
NASA/GSFC

NASA/GSFC

INPE, Sao Paulo

U. of Md., College Park
NOAA, Boulder, CO

U, of Md, College Park
U. of CO, Boulder

NASA/GSFC
Berne
NASA/GSFC

UsSA
USA
Canada
USA
USA
Brazil
USA
USA
USA
USA

USA
Switzerland
USA




PREFACE

This is a collection of papers resulting from the workshop on Rapid
Fluctuations in Solar Flares held at the Ramada Hotel in Lanham, Maryland,
from September 30 to October 4, 1985. This workshop was one in a series of
NASA workshops that 1is part of the ongoing analysis of results from the
Solar Maximum Mission. The first three SMM workshops took place in January
and June 1983, and February 1984, and covered the full range of solar
flare observations. A workshop with more 1limited coverage was held in
April 1985 on Coronal Prominences and Plasmas. Thus, this workshop on
Rapid Fluctuations in Solar Flares is the second in a series of topical
SMM workshops, with more planned for the future.

The objectives of the workshop were to present observations of solar
flare emissions that showed fluctuations on time scales generally shorter
than ~ 10 s and to discuss the possible theoretical interpretations of
these fluctuations. Over 60 people attended the workshop and the hoped for
wide range of the electromagnetic spectrum was covered with observations
presented at radio, microwave and mm wavelengths, in the Ha, the UV, and
EUV, and in soft and hard X-rays. At least a quarter of the contributions
were devoted to theoretical interpretations.

All of the original contributions to the workshop were either given
orally or were on posters. The papers contained in this publication were
completed, in most cases, after the workshop and contain some of the flavor
of the discussions that took place. We have been able to include nearly
all of the contributions; only in a few cases were "abstracts only"” available
and in most of those cases the material 1is being published elsewhere.

None of the papers were formally refereed although the authors were
encouraged to have a colleague review their work. This method of publication
was chosen after much discussion at the workshop. It was felt that since
the field of rapid fluctations in solar flares is relatively new, the free
discussion of the observations and theories should be encouraged without the
possibly inhibiting worry of having to please a referee. Also, the more
rapid dissemination of the material possible using this method was deemed
to be important for the advancement of this field.

It is hoped that the workshop and this publication will generate new
interest in the field of rapid fluctuations and will promote future pub-
lications in the regular scientific journals leading to greater imsight into
the fundamental questions of solar flare physics.

Xi



The participants at the workshop were divided into four groups to
facilitate discussion. The groups and their 1leaders were as follows:

X-Rays (X) - Alan Kiplinger

Radio and Microwaves (R) Arnold Benz and Ken Tapping
Thermal Response (T) Gordon Emslie

Plasma Physics (P) John Brown

This publication is organized along the same lines with four sections
for the contributions from the four groups and a fifth section for the

paper resulting from Peter Sturrock's introductory talk.

This workshop and collection of papers could not have been accomplished
without the support of Gloria Wharen, Kim Tolbert, Steve Graham, Shelby
Kennard and Bernie Gibson. We also acknowledge the contribution of Vicki
Greer at Birch and Davis and the staff of the Ramada Hotel, who helped to
make the workshop run as smoothly as it did.

Xii
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RAPID FLUCTUATIONS IN SOLAR FLARES

Peter A. Sturrock

Center for Space Science and Astrophysics
Stanford University
Stanford, California

ABSTRACT

Study of rapid fluctuations in the emission of radiation
from solar flares provides a promising approach for probing the
magneto-plasma structure and plasma processes that are
responsible for a flare. It is proposed that "elementary flare
bursts" in X-ray and microwave emission may be attributed to fine
structure of the coronal magnetic field, related to the
aggregation of photospheric magnetic field into "magnetic knots."
Fluctuations that occur on a sub-second time-scale may be due to
magnetic islands that develop in current sheets during magnetic
reconnection. The impulsive phase may sometimes--or possibly
always--represent the superposition of a large number of the
elementary energy-release processes responsible for elementary

flare bursts. If so, one faces the challenge of trying to
explain the properties of the impulsive phase in terms of the
properties of the elementary processes. For instance, if the

impulsive phase produces a power-law energy distribution of
energetic particles, this may be due to scaling laws governing
the elementary processes rather than to power-law acceleration in

the each elementary event. Magnetic field configurations that
might produce solar flares are divided into a number of
categories, depending on: whether or not there is a filament;

whether there is no current sheet, a closed current sheet, or an
open current sheet; and whether the filament (if present) erupts
into the corona, or is ejected completely from the sun's
atmosphere. Analysis of the properties of these possible
configurations is compared with different types of flare, and to
Bai's subdivision of gamma-ray/proton events. The article ends
with a number of theoretical questions related to the study of
rapid fluctuations in solar flares.

I. Selected Observational Data.

This introduction will present a brief review of some of the
forms of rapidly fluctuating output produced by solar flares, and
a brief discussion of some of the relevant aspects of the flare
problem.

One of the earliest studies of rapidly fluctuating X-rays
was carried out by wvan Beek and his collaborators (van Beek et
al. 1974). They found indications that the fairly brief hard X-
ray flares that they investigated could all be decomposed into a
number of smaller bursts with rise and decay times of the order




of a few seconds. These spikes were called "elementary flare
bursts.” They estimated the energy involved in such a burst, on
the basis of a thick-target model, assuming that the electron
beam is impinging on tgy chroqﬂfphere, and found the energy to
lie within the range 10 to 10 erg.

Although the early analysis was carried out by eye, de Jager
and de Jonge (1978) later made a more systematic study involving
a procedure similar to the CLEAN algorithm used in radio
astronomy. They found that it was possible to represent a
typical record as a sequence of standard pulses with a selected
triangular profile. See Figure 1.
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Filg. 1. Filtering the noise, and decomposition into EFB's. (a)
The X-ray flare of 1972, August 2, 18:39 UT as observed. (b)
Filtered flare profile. (c) Residual noise after subtraction of
the EFB's and continuous background. (d) Analytic flare profile,
composed of the EFB's (de Jager and de Jonge 1978).

Tremendous advances were made as a result of the Solar

Maximum Mission. The HXRBS experiment provided data recorded in
two modes, the normal mode having a time resolution of 128 nms,
and a rapid mode having a resolution of about 10 ms. Only about

10 percent of flares were found to show fine structure. But, of
that 10 percent, fine structure was detected on a time scale down




to about 30 ms.
Kiplinger et al.

An
(1983),

example
is shown in Figure 2.
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Fig. 2. Hard X-ray time profiles (29-183 keV) of a solar flare
which occurred on 1980 October 18. The curve in (a) shows PHS
data at 128 ms per point, while curves in (b) and (c) show memory
data at 50 ms per point. The numbered features indicate varying
morphologies that are present within a single 9 s Jinterval
(Kiplinger et al. 1983).

It is possible to make observations with an even finer time
resolution in the radio part of the spectrum. Kaufmann and his
collaborators have been carrying out such observations for
several vears with equipment at the Itapetinga Observatory,
normally operating at 22 gHz and 44 gHz. Figure 3 is an example
of a radio impulse (Kaufmann et al. 1984). The figure also
includes data from Owen's Valley Radio Observatory that operates
at 10.6 gHz. This burst is a few seconds in duration leading one
to suspect that it is produced by basically the same process as
produces the "elementary flare bursts" discovered by the Dutch
solar X-ray astronomy team.
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Fig. 3. The 18 December 1980, 19:21:20 UT spike-like burst, as
observed at 44 GHz, 22 GHz, and 10.6 GHz. Slower time structures
are evident, especially at 44 GHz (Kaufmann et al. 1984).

However, the radio observations offer much higher time
resolution than the early X-ray observations. It is found that
there is clearly good correspondence between the records obtained
at 22 gHz and 44 gHz, so that the fluctuations are real and
probably represent fluctuations of the process producing the
high-energy electrons responsible for the radio emission.

Kaufmann et al. (1985) have more recently published data
concerning a very interesting burst that is clearly evident at 90
gHz, but is barely detectable at lower frequencies. This is a
very surprising event and a real challenge for theorists.

Another very exciting development has been Lin's balloon-
borne experiment. This experiment is much more sensitive than
the instruments on board SMM, and we see from Figure 4 (Lin 1984)
that very low-level bursts are continually present on the sun.
There are reasons to believe that these bursts are due to active
regions that were present on the sun at that time.
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The four largest hard X-ray microflares are shown here at
1.024 s resolution (Lin et al.

We need to ask whether these low-level fluctuations are

related to solar flares.

Fig. §.
events vs.
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Figure 5,

taken from Lin et al.

(1984),
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Also shown for

comparison is the distribution of solar flare hard X-ray bursts

reported by Datlowe, Elcan, and Hudson (1974) (Lin et al.

1984).



presents a histogram of the number of events per day as a
function of photon flux, for photons of energy 20 keV or more.
In the same diagram, Lin has reproduced comparable data derived
by Datlowe et al. (1974) from analysis of 0S0-7 data. We see
that each experiment produces a well defined power-law
histogram, and one can well imagine that if instrumental
differences and/or variations in time were taken into account,
the two histograms would be found to form one continuous curve.
It certainly appears from this work that the same process is
operative in both ranges of photon flux, suggesting that flares
do not cut off at any particular level but continue down to a
much lower level than we had previously thought. Lin has indeed

introduced the term "microflares" to describe these 1low-level
fluctuations.
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Fig. 6. Relationship of mean peak emission rates in H-alpha and
in soft X-rays for flares (open circle) and for spike events

(filled circles). Flare data have been taken from Thomas and
Teske (1971) (Teske 1971).




A very important dquestion to be addressed is the
relationship between X-ray bursts and radio bursts. Kaufmann and
his collaborators (Takakura et al. 1983) have indeed analyzed a
few bursts in terms of both X-ray and microwave data. For the
events they analyzed, there appeared to be little correspondence
on the one-second time scale, but some correspondence on a finer

time scale. A significant study was carried out about 15 years
ago by Teske (1971) using soft X-ray data obtained from the
instrument on board 0S0-3. Teske searched for a correlation

between soft X-ray fluctuations and Type III bursts and found
that about ten percent of the X-ray bursts were in fact
correlated with Type III bursts. Teske was concerned also to
search for corresponding H-alpha events. He selected periods
when active regions were on the 1limb of the sun, and then
examined the X-ray data for small isolated bursts. He found that
there was a very high correlation between H-alpha events on the
limb and X-ray bursts. The H-alpha events could be classified
into several types, but the one which showed the strongest
correlation with small X-ray bursts of a few seconds duration
were small surge-like or spike-like ejections (large spicules or
small surges) reaching heights of between 10,000 and 40,000 Kkm.
Teske compared the ratio of mean peak emission rates in H-alpha
and in soft X-rays for these spike events and for flares (Figure
6) and found that the ratio for spike events was
indistinguishable from the ratio for flares. This again suggests
that the flare process continues to a lower energy level than
that for which events are usually recognized as "flares."

It is unfortunate that the time resolution of the H-alpha
data was only about 15 or 20 seconds (as is typical of flare
patrols). There is a need for this work to be repeated using H-
alpha observations that have as high a time resolution as the
radio and X-ray data. Teske's analysis indicates that the X-ray
event tends to occur shortly before
the Type III event. This is a curious result, and it would be
interesting to see if further investigations confirm it and also
to determine the relative timing of the X-ray and radio events
with respect to the optical event.

II. Selected Theoretical Concepts.
In order to see how the flare problem has progressed, it is
interesting to 1look back at flare theories that were advanced

more than 20 years ago. At that time, a theorists considered
that he had only two facts to explain. Qne is that a large flare
< 3 .

involves an energy release of order 10 ergs, and the other is

that the time scale for energy release is (or was at that time
thought to be) about two minutes. Although the first fact needs
little modification, the second fact requires a great deal of
elaboration in both directions. We now believe there is energy



release on a much longer time scale than two minutes, and--as is
the focus of this workshop--we also believe that there is energy
release on a very much shorter time scale.

Early models were already based on the idea that the stored
energy is magnetic and that a flare releases the free energy
associated with the coronal current system. In order to achieve
sufficiently rapid energy release, theorists were soon lead to
the concept of current sheets. The rfirst explicit current-sheet
model (Figure 7) was that of Peter Sweet (1958) who considered
that approaching sunspots would develop a current sheet that
would persist for some time, then suddenly disappear as the
result of magnetic reconnection.

A=A

L " o
B

Fig. 7. Sweet model. Movement towards each other of magnetic
dipoles A and B produces a current sheet with "neuteral line" N
in an atmosphere assumed to be perfectly conducting (Sweet 1958).

A

In one form or another, this idea still persists. One of
the flare models that is still very much alive and well is the
flux-emergence model of Heyvaerts et al. (1977) and others
(Figure 8), in which it is imagined that a new flux region
emerges into an old pre-existing flux region, and that the
interface comprises a current sheet. In an early stage, there
may be only a "soft" instability that is considered to be
responsible for "preheating." At a later stage, if the sheet
becomes sufficiently thin, there may be a "hard" instability that
produces an impulsive energy release, considered to be

responsible for the impulsive phase of a flare.




(@) Preflare Heating

TYPE I BURST

(b)  Impulsive Phase

RAPID
ANNIHILATION

HEAT

{c) Main Phase

Fig. 8. Emerging-flux model. (a) During the '"preflare phase”
("onset phase"), the emerging flux begins to reconnect with the
overlying field. (b) During the impulsive phase, the onset of
turbulence in the current sheet causes a rapid expansion with
rapid energy release. (c) During the "main phase" ("late phase”),
the current sheet reaches a new steady state, with reconnection
based on a marginally turbulent resistivity (Heyvaerts et al.
1977).



The instability that leads to magnetic reconnection is named
the "tearing-mode instability." The 1linear theory was first
developed by Furth, Killeen and Rosenbluth (1963), but numerical
studies by Carreras et al. (1980) and others have shown that
nonlinear effects have the important effect of speeding up the
reconnection rate.

Within the solar physics community, Dan Spicer was the first
to draw attention to the importance of mode interaction in
speeding up the energy-release process. One mode tends to
interact with another and develop small-scale structure including
current sheets and "magnetic islands" (Kahler et al. 1980)
(Figures 9, 10). It seems to me that if we are to understand
energy release on a time scale of milliseconds, we need to
understand more fully the development and implications of this
small-scale island structure.

DOUBLE TEARING MOOE

MULTIPLE TEARING MODES

eg B, BOJO(ar) B, '\

VA

BB:BO Jl(ar)

k-8

V'

Fig. 9. Top: The simplest example of multiple tearing modes, the
double tearing mode, in which k.B_=0 occurs at two different
radii from the center of the loop. Bottom: The Lunguisst field in
which multiple tearing modes can occur (Kahler et al. 1980).
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MODE COUPLING

= — L2'§o=o
? | (k2 m),
SECONDARY f '
PRIMARY
AR | ISLANDS lISLANDS
r— — — krBy=0
(k,,m,)
Z{SECONDARYISLANDSlNﬂVENBY
HIGHER HARMONICS OF K, MODE
Fig. 10. The phenomenon of mode coupling. Primary islands are

generated when k.B =0 for different wave number vectors k. The
coupling between tRese primary islands results_fn the generation
of secondary dislands of shorter wavelength k (Kahler et al.
1980).

Recent computer modeling, such as that of Carreras et al.
(1980), is providing more information on this topic. Since their
work 1is directed at Tokomaks, they use a toroidal geometry.
Figure 11 shows the growth in time of the radial size of various

0.2 — —
4 L B B
Fig. 11. Time evolution of the 01— —
magnetic island width for the
(m=2; n=1), (m=3; n=2), and N O T S O T T Y A IO
{m=5; n=3) modes in a multiple- 0.5 1.0 1.5 2.0
helicity calculation (Carreras (tx10%) /1,

et al. 1880).
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modes. Different modes develop at different 1locations in the
minor radius. Initially they are well separated and develop
according to single-mode theory. However, at a certain time they
may be sufficiently large that the modes begin to overlap. At
this stage, the behavior is changed drastically. For instance,
Figure 12 shows a plot of the growth rate of two modes (the 2-1
mode and the 3-2 mode), and we see that when the modes begin to
interact, the growth rate increases rapidly. The growth rate can
increase by at least an order of magnitude.

' l I 7

2/1

l
l
—— — 372 l
l

@®
|

----- 3/2 {alone)

{resistive units)

MAGNE TIC ENERGY GROWTH RATE x 40°3

l | [

0.5 1.0 1.5 20
(1x103) /e,

FPig. 12. Nonlinear magnetic energy growth rate of the (m=2; n=1)
mode (continuous line) and (m=3; n=2) mode (broken line). The
(m=3; n=2) growth rate is compared with its value in the single
3/2 helicity evolution (Carreras et al. 1980).

If more modes are included (Figure 13), mode interaction
gives rise to an even more rapid increase in the growth rate.
Another important aspect of these results is the following: In
the early stage, the growth is fairly smooth and follows closely
the linear FKR theory. However, when the modes begin to
interact, leading to an increase in the growth rate, the current
pattern becomes stochastic. The electric field also will become
stochastic, and I think that an important topic to investigate is
the process of particle acceleration in the stochastic
electromagnetic fields that will develop in a reconnecting region
when mode interaction takes place.
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NONLINEAR GROWTH RATE
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Fig. 13. Nonlinear growth rate of the (m=3; n=2) mode for a

calculation in which 5 modes were included (----) compared with
the same case with 29 modes included ( ). It 1is also
compared with the case in which only the 3/2 helicity is included
in the calculation (-- -- --) (Carreras et al. 1980).

Spicer also pointed out some time ago that reconnection may
not be spontaneous, but may instead be "driven." This certainly
occurs in laboratory experiments such as that of Baum and
Bratenahl (1985). The more recent experiments of Stenzel and his
collaborators (Stenzel and Gekelman 1985) show similar effects.
Large currents are suddenly driven through two plane conductors
in such a way as to develop a field reversal region between them.
The development of the magnetic field depends very much on the
aspect ratio. If the width of the current sheet is no more than
the separation between the conductors, an X-type point develops.
However, if the width of the current-carrying conductors is
larger than the separation, then there develops a series of
magnetic islands (O-type points) separated by X-type points. The
number of islands is approximately the same as the ratio of the
width to the separation.

Leboeuf et al. (1982) have set up a numerical code to study
the Stenzel-type experiment, and confirm that when the width to
the separation is larger than unity, a sequence of X-points and
O-points develops. However, these do not survive in the form in
which they are created. Their numerical studies show that there
is a strong tendency for adjacent magnetic islands to coalesce,
as shown in Figure 14.

Leboeuf et al. find that the current densities, and
therefore the electric fields, are very much stronger in the
coalescence phase than they are during the tearing phase. Tajima
et al. (1985) argue that this process is significant for solar
flares. It is certainly conceivable that,if the process occurs,
it might be responsible for the fine structure in X-ray emission.
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Fig. 14. 127x32 1island coalescence run. The d1on density 1is
displayed on the left at, from top to bottom, w,t=50, 125, 250,
and 375. The dotted contours represent levels gelow the average
density at a particular time, full contours levels above. The
plasma current density in the z direction is shown on the right
at eguivalent times. Dotted coutours indicate regions of highest
return current (Leboeuf et al. 1982).

It must be emphasized, however, that one must be cautious in
carrying over results from laboratory experiments to solar
situations, since the parameters differ enormously. One must
similarly be careful in carrying over the results obtained from
numerical experiments. For instance, Leboeuf et al. (1982) adopt
a "particle in a box" model, and there are on the average only
four particles per box, which is not very many, and the ion-to-
electron mass ratio is taken to be 10 rather than 2,000.
Furthermore, laboratory and numerical experiments typically have
magnetic Reynolds numbers very much smaller than those that are
relevant to solar situations. Since the coalescence instability
depends upon the magnetic attraction of two current filaments, it
clearly depends sensitively on whether or not the field can adopt
a vacuum configuration on a small scale, hence on the plasma
density.

The fine structure of the X-ray flux or radio flux from some
solar flares gives the impression that the elementary process is
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a very rapid process producing a spike of short time scale, and
that the overall development of the impulsive phase is the
occurrence of a very large number of such elementary bursts. If
this is so, we need to think carefully about the interpretation
of the total flux from the impulsive phase of a flare. In many
cases, the flux will indicate that the electron energy spectrum
has the form of a power law. We then face the guestion: Does
the power law represent the spectrum produced by an elementary
energy-release process, or is it the result of the convolution of
many elementary processes, each one of which produces a spectrum
differing from a power law?

In this context, it is worth considering once more the radio
burst detected by Kaufmann et al. (1985), that was clearly
detectable at 90 gHz but barely detectable at 30 gHz. This is
suggestive of a peaked electron-energy spectrum. Even for a more
typical microwave burst, it is difficult to understand the
energetics if each burst of electrons has the form of a power law
extending down to a few keV (Sturrock et al. 1984). Hence we
should consider the possibility that the elementary energy-
release process produces something other than a power-law
spectrum.

Let us consider, for example, that the elementary process
produces a spectrum of the following form:

4T | AfpE

dE—Lf(LE). 1
In this equation L is the length scale, and we suppose that the
intensity and the characteristic energy each depend in a power-
law fashion on L.

Now suppose, as an example, that the length scale increases
linearly with time,

L=Vt 2

and let us consider the integral flux, integrating over time.

This is seen to be
de L)‘f(LeE) . 3

x = L°E , 4

<=

Jp(E) =

If we now write

we see that the total energy spectrum is expressible as

Ml |
dx x € f(x)| E €, 5

< |~

J(E) =
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Hence, in this example, we have obtained a power-law spectrum
even though the elementary process need not have a power-law
spectrum.

My purpose here is not to argue that this is an accurate
representation of what occurs in a solar flare, but simply to
point out that the spectrum of the entire impulsive phase may
differ significantly from that of each elementary burst.

IIT. Phases of Solar Flares.

So far I have been referring to bursts that proceed either
in isoclation or as part of the impulsive phase of a flare.
However, there are more phases of energy release than simply the
impulsive phase, as is exemplified by Figure 15 that is taken
from Kane (1969). This flare shows a sharp impulsive phase, but
it also shows a steady growth of soft X-ray emission before the
impulsive phase, and extended soft X-ray emission after the
impulsive phase. Some time ago, it was tempting to consider that
the extended soft X-ray emission simply represents the decay of
energy released during the impulsive phase. However, Moore et
al. (1980) and others have shown conclusively that during many
flares such extended emission must be the result of extended
energy release.

9400,3750 MHz  MICROWAVE BURST
L simeie TOYOKAWA
1 -Bt9462)

SOLAR X-RAYS N14. W 68

0G0-5
= 26 JUNE 1968 2
2 3 SEC. AVERAGES .
9.6-19.2 keV
(RATE x '1.0)
19.2-32 keV =
. (RATE x 10)

SOLAR FLARE

; e e
; WM"Q}W"“"M"'H’W '\M”’pw(nnz <004l
0 keV
W‘m . (RATEIX10—3)
rw q’ m ) V80104I(QV ;
& 1] W(RATE" 10-4
[T PO vy rEosS,
>120 keV
(RATE'x10~7) ¥

COUNTS PER SECOND

0455 0459.0503.0507 05110515 051905230527 053105350539 (U.T.)
26 JUNE 1968
Fig. 15. Example of an X-ray burst with the impulsive hard

component occurring 4 min after the onset of the soft X-ray burst
(Kane 1969).

Similar conclusions can be drawn from study of the H-alpha

maps of two-ribbon flares. As the two ribbons separate, the
energy-release region excites different regions of the
chromosphere, indicating that energy is being drawn from
different regions of the corona. Hence it 1is clear that the
separation phase of two-ribbon flares, that corresponds to the
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extended phase of soft X-ray emission, must be ascribed to
continuous energy release, not simply to the decay of energy
released during the impulsive phase.

Another significant development is the analysis by Bai
(1986) of the properties of flares that produce gamma rays and
particle events. Bai subdivides gamma-ray/proton events into two
classes: those that are impulsive, with a spike duration of less
than 90 seconds and total duration of less than 10 minutes, and
those that are gradual, with spikes longer than 90 seconds and
durations longer than 10 minutes. These two classes have certain
properties in common, as we see in Table 1, but the two classes
have more points on which they differ, as we see in Table 2.

Table 1.
COMMON PROPERTIES OF
IMPULSIVE AND GRADUAL GAMMA-RAY/PROTON FLARES
(These properties are in general not found from ordinary flares)

CATEGORIES IMPULSIVE GRADUAL
FLARES FLARES
1 H.X.R. HARD HARD
SPECTRUM (average (average
index 3.5) index 3.5)
2 H.X.R. SPECTRAL SOME YES
HARDENING (6 out of 13) (22 out of 23)
3 ASSOCIATION WITH GOOD GOOD
TYPE II OR IV : (9 out of 13) (20 out of 23)

The first four points of Table 2 concern the temporal
development, that are clearly a reflection of the definition of
the two classes. However, the 1last seven items (excepting
perhaps item 8) are not so obviously related to the selection
process. The overall impression is that gradual flares involve
something that is ejected from the sun, and that this ejection
process facilitates the escape of high-energy particles. Item 7,
the "microwave richness index," may give some clue as to the
difference in conditions in the flare site in the two classes of
flares. It seems that the gradual flares involve something that
is ejected from the sun, and that during the ejection process it
is possible for particles (electrons and protons) to escape from
whatever kind of trap they were formed in.

These considerations of the various stages of a flare and
the various types of flares suggest that it would be worthwhile
to draw up a category of conditions in which flares can occur.
Since we believe that the magnetic field is the main context in
which a flare occurs, we face the following question: What are
the possible categories of magnetic-field configurations that
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Table 2.
DIFFERENCES BETWEEN
IMPULSIVE AND GRADUAL GAMMA-RAY/PROTON FLARES

CATEGORIES IMPULSIVE IMPULSIVE
FLARES FLARES

1 HIGH-ENERGY SHORT (< 4 s) LONG (> 8 s)
H.X.R.DELAY

2 H.X.R. SPIKE DURATION < 90 s (<30 s) > 90 s

3 H.X.R. TOTAL DURATION < 10 min > 10 min

4 SOFT X-RAY DURATION <1 hr > 1 hr

5 H-alpha AREA SMALL LARGE

6 LOOP HEIGHT Low (<10° cm) HIGH (>10° cm)

7 MRI < 1.0 > 1.0

8 AVG. TYPE II DUR. 14 min 25 min
I.P. PROTONS SMALL (<<1) LARGE (>1)

9 ON SITE PROTONS

10 INTERPLANETARY SHOCK NO YES

11 CORONAL MASS EJECTION SOME YES

12 [e/p] RATIO LARGE NORMAL

13 I.P PROTON FLUX DECAY RAPID (2) SLOW

could give rise to flares and might have some bearing on the
different phases (and other aspects of the time structure) of
those flares?

I think we should begin with the fact that magnetic flux at
the photosphere is not spread uniformly over the photosphere. We
know from the work of Harvey, Sheeley, Title, and others (see,
for instance, Tarbell and Title 1977) that the magnetic flux at
the photosphere tends to be aggregated into knots of less than
one arc second in size, with field strengths of 1,000 to 1,500
gauss. This is bound to have an important influence on the
magnetic-field structure in the corona, where we believe the main
energy-release of a flare occurs. Rather than think of a
distributed field pattern in the corona, this flux concentration
at the photosphere leads one to consider that the field in the
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corona is really made up of individual flux loops, each loop
ending in one of these knots, although there may be two or three
elementary flux tubes arising from the same knot (Figure 16).

Fig 16. Schematic representation of possible coronal magnetic
field structure, determined by the aggregation of photospheric
magnetic field into discrete knots (Sturrock et al. 1984).

If one pursues this idea and inguires into the typical
length of such an elementary flux tube in an active region, and
how much energy can be stored in such a tube due to twisting of
the foot points, we find that the time scale for energy release
should b$1a few ﬁgconds and the energy released should be in the
range 10°"to 10 ergs (Sturrock et al. 1984). Hence energy
release from such elementary flux tubes may well be the
explanation of the elementary X-ray bursts identified by van Beek
and his collaborators. The "microbursts" with time scales of 10
to 100 milliseconds, that are found in both X-ray and microwave
data, may be attributed to energy release in "magnetic islands"
that develop during reconnection in such flux tubes.

In what follows, I depart from the earlier idea that a flare
is simply the manifestation of magnetic-field reconnection, and
that the only requirement for a flare is a pre-existing current

sheet. In a talk given 22 years ago at Goddard Space Flight
Center during a symposium on the "Physics of Solar Flares"
organized by Bill Hess, the great solar astronomer K.O.

Kiepenheuer made the following remarks (Kiepenheuer 1963):
"Those who have seen in an accelerated movie the
brightening of a flare out of a dark filament, and
the almost chaotic interaction of bright and dark
structures, will not doubt the existence of a causal
relation between the activation of a dark filament
and the formation of a flare."
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All large two-ribbon flares involve the disruption--maybe
eruption--of a filament. It is not the case that the filament is
disrupted because of the flare, but rather the other way round.
Some time ago, Sara Martin and Harry Ramsey (Smith and Ramsey
1964) studied the behavior of filaments near the time of
occurrence of flares and found that there are definite signs of
disturbance in the filament long before the flare occurs. These
"precursors" may occur many minutes or even hours before the
flare. The fluctuations become larger and larger until the onset
of the flare. This suggests either that an instability of the
filament creates the conditions that lead to the flare, or that a
flare is simply one manifestation of a complex instability that
leads to the disruption of the filament.

In order to pursue this line of inquiry, it is essential to
have a clear understanding of the nature and structure of
filaments. Unfortunately this understanding does not exist at
this time. I suggest that a filament comprises a rope-like
structure involving many intertwined magnetic flux tubes, each
tube linked to the photosphere at both ends. The foot-points are
close to the magnetic neutral line, so that the rope tends to run
along the neutral 1line (Figure 17). The interplay of the
different flux tubes will 1lead to regions of field that are
concave upwards; these are the regions that support the cool gas
responsible for the visible H-alpha appearance of a filament.

POSSIBLE SITE
FOR RECONNECTION

+

POLARITY
REVERSAL
LINE

-+

Fig. 17. Schematic representation of possible magnetic field
configuration of a filament (Sturrock et al. 1984).

When viewed in the wings of H-alpha, a flare always begins

with two bright points very close together on opposite sides of
the neutral line. Moore et al. (1984) have found that the time
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of this initial brightening is also the time when the filament
first begins to show rapid upward motion. Our interpretation
(Sturrock et al. 1984) is that reconnection has begun to occur
between the feet of two adjacent flux tubes, as indicated in
Figure 17. This reconnection has two effects. One is that
energy is released that gives rise to the two H-alpha
brightenings. The other is that two strands tying the filament
to the photosphere have been severed. This is rather like the
severing of ropes that hold a buoyant balloon to the ground.
When the strands are severed, the filament begins to rise. This
change of configuration of the filament puts more strain on the
remaining flux tubes connecting the filament to the photosphere.
As a result, there may occur a runaway action in which similar
reconnection occurs sequentially, running in both directions
along the neutral line. The end effect of this process would be
the formation of a large twisted flux tube rooted simply at its
end points, as shown in Figure 18. The eruption of such a tube
looks very much like movies of erupting prominences that are
visible in H-alpha above the 1linmb.

\.POLARITY +
REVERSAL
LINE

CURRENT “~
SHEET

Fig. 18. Schematic representation of the development of an
extended current sheet beneath an erupting filament (Sturrock et
al. 1984).

The eruption of the filament may lead to the end result that
the filament forms a large loop high in the corona.
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Alternatively, if the stress due to twisting is sufficiently
great, the filament may expand into interplanetary space by
attempting to adopt an open-field configuration. Which of these
two processes occurs depends partly on the initial stress in the
filament and partly on the strength and topology of the
surrounding magnetic field.

In either case, the eruption of the filament is going to
disturb the overlying magnetic field, and the disturbance is such

that it will produce a current sheet below the filament. This
situation is rather like the the Stenzel experiment in which a
current sheet is suddenly formed. In this situation,

reconnection of the sheet is more in the nature of ‘'driven
reconnection" rather than spontaneous reconnection.

The end result of reconnection of the newly formed current
sheet is that a region of magnetic field near the filament is
returned to its current-free state. In addition (Sturrock 1986),
a toroidal magnetic trap forms that embraces the filament (Figure
19).

TOROIDAL
FLUX TUBE
v

ERUPTED
FILAMENT

LOOP PROMINENCE
SYSTEM

Fig. 19. Schematic representation of a toroidal magnetic flux
tube encircling an erupted prominence, as a result of the
reconnection indicated in Fig.18. The toroid would be detectable
as a stationary type IV radio burst (Sturrock 1986).

The reconnection is likely to produce high-energy electrons, so
that the magnetic trap when formed would already contain a
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population of energetic electrons; this may be the explanation of
Type IV radio bursts. If the filament simply rises up into the
corona, we would observe a stationary Type IV burst. However, if
the stresses are such that the filament expands out into
interplanetary space, we would observe moving Type IV burst.
This ejection may also be the explanation of coronal transients.
If the ejection is sufficiently rapid, it should produce a bow
shock which could in turn produce a Type II radio burst (Figure

20).
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Fig. 20. Schematic representation of situation that arises when a
filament, encircled by a toroidal flux tube, 1is completely
ejected from the sun. The toroid would be detectable as a moving
type IV radio burst. The shock wave would give rise to a type II
radio burst (Sturrock 1986).

Table 3 shows another way of categorizing magnetic
structures, and the properties of the resulting flares. In this
table, we focus on only four properties. Does the flare produce
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a mass ejection? Does it produce a shock wave? Does it produce
gamma-ray emission? Does it produce a particle event?

TABLE 3.
CATEGORIES OF MAGNETIC STRUCTURES AND
PROPERTIES OF RESULTING FLARES

AN AC AO__PCR___POR___PCJ___POJ

Mass
Ejection X X X X X Y v
Shock
Wave X X X v v v v
Gamma-Ray
Emission X v Y v v v Y
Particle
Event X X v X v v v

A: filament absent

P: filament present

N: no current sheet

C: closed current sheet

O0: open, or partially open, current sheet

R: filament eruption, but no ejection

J: filament ejection

Concerning the environment in which the flare occurs, we
first notice that there may be no filament in the system, that we
denote by "A" (the filament is absent). It may be that there is
simply a small flux tube that becomes stressed and then
reconnects releasing energy. I do not know whether this ever
occurs, but Hal Zirin has expressed the opinion that any flare -
no matter how small - always involves the disappearance of some
dark feature, implying that any flare always involves something
like a filament disruption. This viewpoint would appear to be
consistent with the work of Teske referred to earlier.

Assuming that there is a configuration that does not involve

a filament, we next ask whether there is a current sheet. If
there is no current sheet (AN), there is no reason to expect mass
ejection or a shock wave. I suggest that intense electric

fields, causing strong electron acceleration, occur only in
reconnection in a current sheet, not in reconnection in an
extended tube. If this is the case, there should be no gamma-ray
emission and no particle event if there is no current sheet.

If there is a current sheet, but the sheet is completely
closed (AC), the high-energy electrons could give rise to gamma-
ray emission, but there should be no particle event. On the
other hand, if the current sheet is open or partly open (A0),
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some of the particles can escape so that there may also be a
particle event. ‘

Next we suppose that a filament 1is present (P), but we
distinguish between eruption (R) and ejection (J). In either
case, the existence of a filament necessarily requires the
existence of a current sheet at the interface between the
filament and the ambient magnetic field. This initial current
sheet may be either closed or partly open. If the filament
erupts (but is not ejected), and if the initial current sheet is
closed (case PCR), there should be no mass ejection, there may be
a mild shock wave (a blast wave), and there may be gamma-ray
emission, but there should be no particle event. On the other
hand, if the filament erupts and if the initial current sheet is
partly open (case POR), some of the high-energy particles may
escape and produce a particle event. Events of these two types
may be responsible for the impulsive gamma-ray/proton flares in
Bali's classification (Table 2).

We now consider the final possibility that a large filament
is ejected from the sun into interplanetary space. This produces
a mass ejection, and - if the speed is high enough - it may
produce a bow shock. Such a shock would tend to maintain its
strength as it propagates, whereas the strength of a blast wave
tends to decrease rapidly as it propagates. In this case, the
expansion of the magnetic-field system will weaken the magnetic
trap, so that particles can escape into interplanetary space. If
the filament is ejected from the sun, we get the same end result
whether the initial current sheet was closed or open, so that
cases PCJ and POJ have the same properties:- There is mass
ejection, a strong shock wave, gamma-ray emission, and a particle
event. However, the ejection of a filament takes longer than
does its partial eruption into the corona. For this reason, it
seems likely that this category of flares is responsible for the
gradual flares of the gamma-ray/proton flares studied by Bai
(Table 2).

IV. Looking Ahead.
Since this is the beginning of the Workshop, it is a good

time to consider what one would like to see come out of it. We
would surely like to get additional insight into a number of
gquestions that face us in trying understand solar flares. I now

list a few of these questions.

1. What is the pre-flare magneto-plasma configuration? I do
not think it is enough to ask only about the pre-flare magnetic-
field configuration. A filament or a similar structure is
usually involved, and the stress of plasma contained in the
filament may be significant.

2. Is the instability responsible for a flare macroscopic,
microscopic, or a symbiotic combination of the two? There are
good reasons to be suspicious of the earlier idea that a flare
simply represents reconnection of a current sheet. As I have
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indicated, it is gquite possible that the basic instability
involves an MHD effect that gives rise to an erupting filament.
Hence we can ask whether the instability is macroscopic like an
MHD eruption, whether it is microscopic like a simple tearing
mode, or whether it is a combination of the two.

3. What fine structure develops as a result of the
macroscopic flow? It is clearly possible that the macroscopic
flow leads to the development of a shock wave, but it may be that
the macroscopic flow is unstable and 1leads to some form of
turbulence.

4. What fine structure develops as a result of the
microscopic flow? As I have indicated, numerical simulations of
the reconnection process indicate that very fine structure may
develop. It is clearly important to pursue this line of inquiry
if we are to understand the development of fine structure on the
sub-second time scale.

5. Do shocks usually occur? If so, what is their role in
particle acceleration? Any sudden change of magnetic
configuration is surely likely to develop a shock wave, either as
a propagating blast wave or as a convecting bow shock. Since
shocks are Kknown to be promising 1locations for particle
acceleration, it is <clearly important to have a Dbetter
understanding of how and where shocks are generated during
flares.

6. Is flare energy release always composed of elementary
bursts? For some flares, the X-ray time curves show a great deal
of fine structure strongly suggesting that the energy release
process comprises as many elementary events. When such structure
is not evident, is it because of a real difference in the energy
release process, or is it simply a reflection of our imperfect
observational capabilities~?

7. 1Is the energy release process sometimes periodic? There
has been a debate for many vyears as to whether apparent
periodicity of X-ray emission or microwave emission is really
significant. Some vyears ago, Lipa and Petrosian (1975) looked
into this question but were unable to find a case for real
periodicity. On the other hand, Roger Thomas many years ago
obtained a "light curve" of X-ray emission that seemed to present
a very strong case for periodicity. If periodicity does
sometimes occur, it is a real challenge to the theorist to come
up with an explanation that is even plausible.

8. What is the relationship between the energy spectrum of
the integrated flare emission and the energy spectrum of the
elementary bursts? This is the question that was raised earlier
in this review. The first reqguirement is to have more detailed
information of the energy spectrum of an elementary burst. If
this resembles the energy spectrum of the entire impulsive phase,
there is no further work to be done. If, however, the spectrum
of an elementary burst usually differs significantly from that of
an entire impulsive phase, we must seek to understand the
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relationship between the two, perhaps along the lines suggested
in Section II.

This work was supported in part by the Office of Naval
Research Contract NO0014-85-K-0111 and by NASA Grants NAGW-92 and

NGL-05-020-272.
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SUB-SECOND VARIATIONS OF HIGH-ENERGY (> 300 keV)
HARD X-RAY EMISSION FROM SOLAR FLARES

Taeil Bai
Stanford University

INTRODUCTION

Sub-second variations of hard X-ray emission from solar flares
was first observed with a balloon borne detector (Hurley and Duprat 1977).
With the launch of SMM, it is now well known that sub-second variations of
hard X-ray emission occur quite frequently (Kiplinger et al. 1983, 1984).
Such rapid variations give constraints on the modeling of electron
energization.

Such rapid variations reported until now, however, have been observed
at relatively low energies. Fast mode data obtained by HXRBS has time resol-
ution of ~ 1 ms but has no energy resolution (Orwig et al. 1980). Therefore,
rapid fluctuations observed in the fast-mode HXRBS data are dominated by the
low-energy (~ 30 keV) hard X-rays. It is of interest to know whether rapid
fluctuations are observed in high-energy X-rays. The highest energy band at
which sub-second variations have been observed is 223 - 1057 keV (Hurley et
al. 1983). In this paper I am going to report sub-second variations observed

with HXRBS at energies > 300 keV, and discuss the implications.

OBSERV ATIONS
In the normal mode, the time resolution of HXRBS is 0.128 s,
Therefore, one can still study sub-second variations of high-energy hard
X-rays with normal mode HXRBS data. Because the hard X-ray flux decreases
rapidly with increasing energy, in order to observe statistically significant

sub-second fluctuations at high energies, one should study flares with high
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peak count rates and flat energy spectra. The flare observed at 0118 UT on
1980 June 21 meets both requirements, with the peak count rate being 141,000
counts/s and the spectral index near the X-ray peak being 2.0 (ef. Bai and
Dennis 1985).

Figure 1 shows time profiles of four energy bands (28 - 55, 55 - 125,
125 - 259, 259 - U484 keV), with integration time 0.128 s. Figure 2 shows a
time profile of 290 - 484 keV X-rays. The vertical bars in these figures
indicate one-sigma error bars. We can see statistically significant rapid
variations at several places in Figure 2, with time scales as short as 0.1

or 0.2 s.

INTERPRETATION
The energy loss rate of electrons due to Coulomb collisions is given
(for E > 150 keV) by

-10
(dE/dt) = -3.8 x 10 n keV/s, (1)

where n is the ambient electron density in em'*% The energy loss time for
300 keV electrons is then given by

-1 10
E (dB/dt) = 79 x (10 /n) s. (2)

Therefore, the electrons responsible for the sub-second decreases must have
interacted in a medium with density > 1012 cm —% i.e., below the transition
region. Rapid rise of high-energy X-rays indicates rapid increase of the
number of high-energy electrons in the interaction region.

In interpreting the sub-second variations shown in Figure 2, I can
think of the following two alternatives:

(1) High-energy electrons were accelerated with small pitch angles,
and they immediately penetrate below the transition region to radiate there

while losing energy. The rapid variations of the high-energy hard X-ray

flux are due to rapid change in production rate of high-energy elelctrons.
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Figure 1. High resolution hard X-ray time profiles of the 1980 June 21 flare. From top to bottom, the 4
(four) curves are time profiles of X-rays in the 4 energy bands (28 - 55, 55 - 125, 125 - 259, 259
- 484 keV). Integration time is 0.128 s, and one-sigma error bars are shown.
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Figure 2. Same as Fig. 1, for energy band 290 - 484 keV. (Figures, courtesy of Brian Dennis)
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(2) High-energy electrons are accelerated with large pitch angles,
and they are initially trapped in the magnetic loop with density < 10‘1 cm"’.
Once in a while some instability develops which rapidly scatters energetic
electrons into the loss cone. The rapid variations of the high~energy hard
X-rays are due to rapid scattering of high-energy electrons.

For the following reason I think the first alternative is a more
likely scenario. One can estimate the efficiency of microwave emission of
solar flares by comparing the microwave peak density to the hard X-ray peak
flux, For this purpose, Bai (1986) defined microwave-richness index (MRI)
as follows:

peak flux density of 9 GHz microwaves (sfu)

HRI = X 100 (3)
HXRBS peak count rate (counts/s)

When defined as such, the median value of MRI for flares observed in 1980
through 1981 is about unity. Relatively speaking, flares with MRI > 1 are
more efficient in prodcucing 9 GHz microwaves than flares with MRI < 1.

For the 1980 June 21 flare, the MRI is 0.097 (Bai and Dennis 1985). This
means that this flare was ten times less efficient in microwave emission
than the average flare, This flare had flat hard X-ray spectrum with
spectral index 2.0. Therefore, this flare produced large numbers of
high-energy electrons, as evidenced from the large count rate of high-energy
X-rays shown in Figures 1 and 2. High-energy electrons are very efficient
emitters of microwaves; nevertheless this flare has a small MRI. The most
plausible way of suppressing microwave emission is to accelerate high-energy
electrons with small pitch angles and inject them below the transition

region,

CONCLUSION
We have seen sub-second variations of high-energy ( > 300 keV) X-rays
in the 1980 June 21 flare. Such rapid variations are interprted to be due to

rapid acceleration of high-energy electrons with small pitch angles. This
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flare occurred at the Western limb (N19 W90), and continuum radiation above

10 MeV was observed from this flare (Rieger et al. 1983). This continuum is

mostly due to bremsstrahlung by highly relativistic electrons (Chupp 1984).

The decay time of this continuum is several seconds, and from this one can

deduce that these highly relativistic electrons interacted below the

transition region, similarly to > 300 keV electrons.
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INTERPRETATION OF RAPID RISES IN HARD X RAYS AND MICROWAVES
WITH THE THERMAL CONDUCTION FRONT MODEL

D. A. Batchelor

Johns Hopkins University
Applied Physics Laboratory
Laurel, MD 20770

ABSTRACT

Impulsive hard X-ray and microwave bursts with rise times from 0.1 to 10
seconds are discussed. Source areas calculated by the method of Crannell et
al. (1978) were compared with source areas determined from Hinotori and HXIS
images. The agreement strongly suggests that the method is valid. If the
thermal conduction front model for the hard X-ray and microwave source is
adopted, then the method enables one to derive area, density, magnetic field,
and rise time from hard X-ray and microwave spectral observations. This
approach was used to derive these parameters for several rapid impulsive rises
in the flares of 1980 July 1 and 1984 May 21. It is shown that the model
provides a consistent interpretation of the observations of these impulsive
increases. Indeed, the model provides a way to calculate rise times from
spectra alone (to within a factor of about three) over more than two orders of
magnitude.

1. INTRODUCTION

This paper has two purposes. First, we evaluate a method first applied by
Crannell et al. (1978) to calculate the area of a flare source of hard X rays
and microwaves from data without spatial resolution. The area calculation is
made by assuming that a single thermal distribution of energetic electrons
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emits the microwaves (thermal gyrosynchrotron radiation) and the hard X rays
(thermal bremsstrahlung). We show that the method yields values in agreement
with those observed with spatially resolved hard X-ray imaging instruments for
the two test cases considered. With this additional support for the method,
we go on to apply it to some rapid spike bursts and show that the thermal
conduction-front model fits the rise times of the rapid bursts. The rapid
bursts have rise times from 0.1 to 1.4 s,and allow us to extend the thermal
analysis to bursts almost 10 times more rapid than heretofore. The thermal
analysis of these bursts suggests that they occur in smaller coronal loops
with unusually high magnetic fields, but represent part of a continuous family
of impulsive bursts with rise times as long as 20 sec, studied previously
(Crannell et al. 1978; Batchelor 1984; Batchelor et al. 1985). At present,
nonthermal models of flare hard X-ray and microwave bursts do not make
specific analogous predictions that can be compared with the results of the
thermal analysis. Such predictions are sorely needed to make a meaningful
comparison possible.

2. REVIEW OF AREA CALCULATION

The area of a hard X-ray and microwave burst source was calculated from
the Rayleigh-Jeans law:

44 2

f" A T (1)

S(f) = 1.36 x 10 o Te

where S is the microwave flux (solar flux units -- 1 sfu = 10722 W m™2 Hz™! at
a frequency f (Hz)_in the optically thick portion of the microwave spectrum,

is the area (cm®), and T, is the temperature (deg K) found by spectral fit
to the hard X-ray spectrum. The units are those of Batchelor et al.; Crannell
et al. expressed the temperature in keV.

Equation (1) is strictly applicable only to a homogeneous thermal
source. There is evidence that variations in temperature and magnetic field
gsometimes affect the spectra (Matzler 19783 Schochlin and Magun 19793 Dulk and
Dennis 1982). For the optically thick part of the microwave spectrum of
interest here, the result of these nonuniformities is to alter the index of f
in Equation (1) to a value less than 2. Considerations of a suitable model
for such a nonuniform thermal source lead to the conclusion that the central,
hottest part of the source is the origin of the optically thick emission of
maximum frequency. The most intense X-ray emission also would originate in the
hottest region of the source. Thus, if the index of the optically thick
microwave emission is less than 2, then the area can be approximated by using
the flux at the maximum frequency of optically thick emission in Equation (1).
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3. TEST OF AREA CALCULATION

Two sources of data currently can be used to test the derivation of hard
X-ray area: the Hard X-ray Imaging Spectrometer (HXIS) aboard SMM, and the
two Solar X-ray Telescope (SXT) instruments aboard the Japanese Hinotori
spacecraft. SXT data for one flare have been used by Wiehl et al. (1985), but
no HXIS area has been compared with the area of the same flare calculated by
this method. In addition, microwave observations from Bern and Sagamore Hill
were available for these tests.

Test case 1: Hinotori SXT Observation

Wiehl et al. made use of the image of the 1981 August 10 flare at 0659:06
UT, published by Ohki et al. (1982). This ii shown in Figure 1 (a). The area
enclosed in the 40% peak contOgr is 1.2 x 1018 cm?. The temperature was found
by Wiehl et al. to be 3.1 x 10°K, by means of a thermal bremsstrahlung
function fit to the 30-500 keV spectrum from the Hard X-Ray Burst Spectrometer
(HXRBS) on SMM. Microwave spectra from Bern were available. The area
calculated fgom gquation (1), using a microwave flux of 779 sfu at 11.8 GHz,
is 1.3 x 10™° cm”.

Test case 2: HXIS Observation

In Figure 1 (b), the raw image data are shown for the 1980 May 21 flare
during the sharpest, largest rise in hard X rays. If we choose the 40%
contour again, for conigstegcy, 18 pixels are at the 40X level, yielding a
total area of 5.6 x 10*° em“. The spectrum of microwaves was observed at
Sagamore Hill. Optically thick emission at 4.995 GHz was observed of
approximately 1200 sfu. The temgera%ure from the HXRBS fit was 6.6 x 108k.
The calculated area is 5.4 x 101° cm?.

The close numerical agreement between measured and model-derived area in
each case is within the uncertainties, which were estimated to be a factor of
about three (Batchelor et al.).

4., THE THERMAL CONDUCTION-FRONT MODEL AND THE DERIVED AREA

A thermal model for the production of hard X rays in impulsive flares was
originally proposed because the popular nonthermal models required intense
beams of electrons with embarrassingly large number densities and energies to
explain the observed hard X-ray fluxes from flares (e.g. Hoyng, Brown, and van
Beek 1976). Whereas bremsstrahlung of a nonthermal _beam in a thick target is
a very inefficient process, emitting only about 107 ° of the electron energy as
X rays, thermal bremsstrahlung from a confined, thermally relaxed electron
distribution offered a much more efficient mechanism to produce the radiation,
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if the confinement was sufficiently good. Brown, Melrose and Spicer (1979)
introduced the idea that an impulsively heated electron population at the top
of a coronal loop might be confined by ion-acoustic turbulence excited by
electrons attempting to escape from the source. Smith and Lilliequist (1979)
explored this model with fluid simulations, and this led to a number of papers
by Smith and collaborators in which the model was refined. Many variations on
the thermal conduction~front model have since appeared in the literature.
Batchelor et al. (1985) gave arguments for the confinement of high-energy
microwave-emitting electrons in the source as well. A schematic of that
variation of the model appears in Figure 2.

It is assumed that heating of the electrons near the apex of a loop is
continuous until the peak of the hard X-ray burst or later. This is the
assumption of Smith and collaborators rather than Brown, Melrose and Spicer,
who assumed impulsive heating and studied the aftermath. Observational
evidence for this assumption comes from the time histories of fitted
temperature during the rises of bursts, which typically indicate rising
temperature. The theoretical arguments of Batchelor et al. suggest that the
microwave and hard X-ray-emitting regions are cospatial up to the peak of the
burst. It is justified then to use the area derivation described in Section 2
to estimate the loop length. If Equation (1) is usf9 to derive Ag» then the
half-length of the loop is proportional to Ly = A, 2,

In the continuous heating version of the model considered here, the rise
time of the hard X rays is then the travel time of the conduction front from
the loop apex to the chromosg?gte. The velocity of the conduction front is
approximately c, = (kTe/m ) , the ion-acoustic velocity. T_ is found from
the hard X-ray thermal btgmsstrahlung spectral fit. Therefore the rise time
of an impulsive burst in this variation of the model is Ly/c, = 1,. If the
assumptions of the model are valid, we should find t_, the rise time measured
from the time history of a spike burst, to be linear{y related to v, , which
depends on spectral parameters only. This linear relation was foung to hold
by Batchelor et al. for the set of 20 impulsive rises from different flares

with rise times ranging from 1.8 to 22 s.

The impulsive and continuous-heating versions of the model have been
studied analytically by MacKinnon (1985). That work supports our assumption,
t =L /c , given that heating continues for t 2 t. after the start of the

bﬁrst.

We proceed to test this prediction of the thermal conduction-front model
with data from additional rapid rises from two flares.

5. RAPID RISES IN THE 1980 JULY 1 FLARE

The flare produced a series of seven sharp peaks, superposed on a more
gradual component, which we treat as background. These peaks are shown in
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Figure 2. Schematic of the conduction-front model for emission of impulsive
hard X rays (30-500 keV) and associated microwaves.
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Figure 3. Time-intensity plot of the seven rapid impulsive rises in hard X
rays (33-490 keV) on 1980 July 1, observed with HXRBS.




X rays in Figure 3. Microwave data were also available from Bern, courtesy
of A. Magun.

Hard X-ray spectra of the seven spikes were computed by fitting a thermal
bremsstrahlung function as described in Batchelor et al. Microwave fluxes
were computed at the maximum optically thick frequency. The observed and
derived parameters for these spikes appear in Table 1. The table includes
several parameters of interest_that_are defined by formulae in Batchelor et
al. The emission measure (n 2y ) and temperature of the fitted thermal
bremsstrahlung function are fiste » wand T . The observed rise time, Loy
and the predicted rise time, 1, , computed ?rom S, £, and Ty, are in
neighboring columns. The magnegic field is calculated from our estimate of
the peak frequency of the microwave spectrum, f, and from S, Te’ and u (see
Equation (15) of Batchelor et al.). The formula is derived from the
simplified expressions for gyrosynchrotron emission by Dulk and Marsh
(1982). The electron density, n_, and thermal energy density, wp, are derived
from u and L,. The standard plasma B8 for the electrons is also given. The
< and > symbo?s with some values of B and B8 occur because f is a lower bound
on the microwave peak frequency.

Table 1
Observed and Derived Parameters for 1980 July 1 Spikes
Observed Derived from Model
No. H Te s £ t | "o Ly B n, Wy 8
104% em™3 108k sfu cHz s s 107 cm gauss 107 em™3 erg em™3
1 .36 4.9 135 19.6 .8 | 1.1 .22 325 5.7 580 .14
2 1.0 6.4 750 35 9 | l.1 .26 >470 7.4 980 <.ll1
3 <53 5.7 39 19.6 .8 53 .11 270 19 2200 .77
4 .22 6.5 82 35 1.0 4 .086 >470 19 2600 <.29
5 <40 7.1 486 28 .8 ] 1.0 .25 350 5.0 730 .15
6 .43 7.3 894 35 1.0 | 1.1 27 3440 4.5 680 <.088
7 44 7.8 1330 35 1.4 | 1.3 .32 >425 3.7 600 <.083

The seven pairs of t_ and 1, are plotted in Figure 4, with the other pairs
c§1cu1ated by Batchelor et al. "(Spike 2 was included in previous work; the
six new values are indicated by diamond symbols,) ~

Noteworthy features of the parameters are the relatively high
temperatures, magnetic fields and densities, as compared with the set of rises
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Figure 4. Correlation of measured rise times of 34 impulsive rises with rise
times derived from the X-ray and microwave spectra, using the conduction
front model. Triangles: rises from different flares on the disk
(Batchelor et al.); pluses: rises from different flares on the limb
(Batchelor et al.); square: 1980 November 5, 2232 UT; diamonds: other
impulsive rises from 1980 July 1 flare; crosses: other impulsive rises
from 1984 May 21 flare. The square, diamonds and crosses are presented
here for the first time. The dashed line is the linear least-squares best
fit to the (log tes log ) pairs,leﬁaluding limb events because of A
possible occultation: tr°= 1.12 ro' , correlation coefficient r = 0.96.
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studied by Batchelor et al. Association of high temperatures with high fields
is quite reasonable if the source of energy is magnetic reconnection. The
derived loop lengths are relatively small, which is interesting because the
flare was remarkably compact in Ha. The high densities might be expected in
relatively small, low-lying coronal loops.

6. RAPID RISES IN THE 1984 MAY 21 FLARE

Microwave and hard X-ray data on this event were first presented by
Kaufmann et al. (1985). This flare is discussed in detail by Correia et al.,
elsewhere in this volume. Several rapid rises in microwave flux at 90 GHz
were observed, with t. from 0.1 to 0.2 s. Seven clearly-resolved spike
features from the microwave bursts labeled B, C, and E (see Correia et al.)
were selected for analysis. In the simultaneous X-ray observations with
HXRBS, the time resolution (128 ms) did not permit complete resolution of the
spikes. The X-ray bremsstrahlung spectral fit was necessarily performed on a
blend of the first three spikes in feature C and on a blend of the first three
spikes in feature E. Feature B was resolved in both data sets. As in
previous cases, the slow component of emission was treated as background.

The observed and derived parameters for these seven spikes are given in
Table 2.

Table 2
Observed and Derived Parameters for 1984 May 21 Spikes
Observed Derived from Model
Label u Te S t. T Lo B n, W B8
10%%em™3 108k sfu s s 109¢m gauss 10%cm™3 erg cm™3
B 0.12 7.9 20 0.2 | 0.059 0.015 > 940 180 29000 < 0.84
C, 0.13 7.5 40 0.1 0.088 0.022 > 990 110 17000 < 0.44
c, 0.13 7.5 55 0.1 0.10 0.026 > 1000 87 14000 < 0.34
C, 0.13 7.5 60 0.1 0.11 0.027 > 1000 81 13000 < 0.32
E; 0.32 4.5 15 0.1 ] 0.090 0.017 > 1400 250 23000 < 0.30
E, 0.32 4.5 35 0.1 0.14 0.027 > 1400 130 12000 < 0.16
E, 0.32 4.5 40 0.1} 0.15 0.028 > 1400 120 11000 < 0.14
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All derived values for this flare depend on observations at 90 GHz.
Because of the positive spectral index in each case from 30 GHz to 90 GHz, it
has been assumed that at 90 GHz the source is optically thick. The magnetic
field computations are lower limits, depending on the assumption that the
gyrosynchrotron spectral peak is > 90 GHz. More observations in this
microwave spectral range would help to determine the properties of these rapid
spikes more decisively. Values of t_ were found by measuring the time-
intensity plots of microwaves given gy Correia et al.

The pairs t_ and 1, corresponding to these seven spikes are plotted in
Figure 4 as "x" symbols. The values of 1, should be regarded as uncertain by
a factor of about three, due to blending of spikes in the X-ray spectral
analysis. Nevertheless, agreement with the linear relation found in tTeOBther
cases is the result. The best linear least-squares fit is t_ = 1.12 t """,
with a correlation coefficient r = 0.96. (The three limb flares were Omitted

from correlation analysis, due to the possibility of occultation effects.)

Unusually high values of B, 103 gauss and more, are derived foi thege
spikes. Loop sizes of a few hundred km, and densities of order 10 lem™ are
also implied. All of these properties are consistent with an origin of the
radiations in unusually low-lying magnetic loops.

Considering all of the impulsive rises analyzed here and by Batchelor et
al., we find sources sizes rangeing from 150 km to 27000 km, magnetic fields
ranging from 110 gauis tg more than 1400 gauss, and densities ranging from
108cm™> to 2.5 x 101tcm™>. 1In all cases, B < 1 is found, indicating
confinement of the plasma by the magnetic field, and that only a fraction of
the field had to be annihilated to supply the thermal energy of the plasma.
This is unlikely to result by chance alone, given the large range of
parameters contributing to B, and suggests that the derived parameters are
physically meaningful,

7. CONCLUSIONS

The two test cases suggest that the area computation using Equation (1) is
physically meaningful. The analysis of rapid rises in the 1980 July 1 and
1984 May 21 flares leads to derived physical parameters that are reasonable
for a simple extension of the same thermal source confinement mechanism to
smaller loops with higher magnetic fields than usual. The linear relationship
of observed and model derived rise times found by Batchelor et al. is
supported for short rise times.

It bears repeating here that the linear relationship displayed in Figure 4
is not due to a strong correlation with t_ of any one of the parameters S, f,
and T, that are used to compute t_. As shown by Batchelor et al., t_ 1s not
correlated with either S, f, or Toalone; only the combination of these
paraTeters to compute L, or T is correlated with t., consistent with the
model.




This thermal model provides a physically meaningful way of connecting
independent temporal and spectral parameters of impulsive hard X rays and
microwaves. A challenge for future work is to develop comparable nonthermal
mechanisms to explain the relationship of the observed parameters in the
context of a nonthermal model.

This work was supported by NASA under grant NSG 7055, and by the National
Science Foundation under grant ATM-8312720. Stimulating discussions and

helpful suggestions from C. J. Crannell and D. M. Rust are gratefully
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ABSTRACT

The pioneering observational work in solar flare X-ray polarimetry was
done in a series of satellite experiments by Tindo and his collaborators in
the Soviet Union; initial results showed high levels of polarization in X-
ray flares (up to 40%), although of rather low statistical significance,
and these were generally interpreted as evidence for strong beaming of
suprathermal electrons in the flare energy release process. However, the
results of the polarimeter flown by the Columbia Astrophysics Laboratory as
part of the STS-3 payload on the Space Shuttle by contrast showed very low
levels of polarization. The largest value — observed during the impulsive
phase of a single event - was 3.4% * 2.2%. At the same time but
independent of the observational work, Leach and Petrosian (1983) showed
that the high levels of polarization in the Tindo results were difficult to
understand theoretically, since the electron beam 1s 1isotroplized on an
energy loss timescale - an effect which substantially reduces the expected
levels of polarization, although not to zero. A subsequent comparison by
Leach, Emslie, and Petrosian (1985) of the impulsive phase STS-3 result and
the above theoretical treatment shows that the former is coansistent with
several current models and that a factor of ~3 improvement in sensitivity
is needed to distinguish properly among the possibilities. 1In addition,
there 1s reason to expect stronger polarization effects at higher
energies: There may have been a strong thermal component to the flare at
the energies seen by the STS-3 instrument (predominantly below 10 keV), and
in adddition the preponderance of Y-ray ( 2 300 keV) events on the solar
1limb (Rieger et al. 1983) suggests that beaming must be important at
sufficiently high energies.

* Presidential Young Investigator
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Here we point out that a satellite instrument with the necessary sen-
sitivity and high energy response to make meaningful and important measure-
ments 1is well within current technological capabilities. We describe an
instrument whose sensitivity for a moderate (M class) event approaches
polarization levels of 12 in each of 7 energy bins spanning the 10 to 100
keV range for integration times as short as 10 seconds. Comparable results
can be obtained for an X class flare in 1 second.

1. Solar Flare X-ray Polarimetry

The idea that X-ray emission from solar flares might be 1linearly
polarized and that polarization measurements could therefore provide a
strong flare diagnostic was first discussed by Korchak (1967) and Elwert
(1968). Subsequent theoretical investigations (Elwert and Haug 1970, 1971;
Haug 1972; Brown 1972; Henoux 1975; Langer and Petrosian 1977; Bai and
Ramaty 1978; Emslie and Brown 1980) have resulted in polarization
predictions for a variety of models. There are two extreme classes of
models under investigation, termed "thermal” and "non-thermal”, whose phys-
ical difference lies principally in whether the electrons responsible for
the bremsstrahlung are part of a relaxed distribution or of a suprathermal
tail. Although some form of hybrid model (e.g., Elmslie and Vlahos 1980)
is probably -appropriate for actual events, the basic components differ
significantly 1in their polarization predictions: the thermal models
predict polarizations of at most a few percent, due to either photospheric
backscatter of primary photons (Henoux 1975), or an anistropy in the source
electron velocity distribution, caused by the presence of a field-aligned
thermal conductive flux (Elmslie and Brown 1980). The beamed or linear
bremsstrahlung models, on the other hand, predict quite high polarizations,
of the order of 10% for the spatially integrated radiation field, and even
higher than this for the collisionally thin upper portions of the flare
loop (Leach et al. 1985).

The two models also predict different directivities with the non-
thermal models tending to give anistropic distributions (Elwert and Huag
1970, 1971), although the {intrinsic effect 1is substantially reduced by
photospheric backscattering (Bai and Ramaty 1978). Stereoscopic observa-
tions by Kane et al. (1980) put limits on the anistropy and tend to favor
the thermal models, but are thus far not conclusive. Recent gamma ray
observations from the Solar Maximum Mission Observatory show that above 300
keV more flares are observed at the limb of the solar disk than at the
center (Rieger et al. 1983, Vestrand 1985). Dermer and Ramaty (1985) have
attributed this apparent beaming to electron beaming parallel to the
surface of the sun. It 18 important to recognize that the observations of
photon beaming directly imply non-vanishing polarization. The beaming
observations that have been made to date are purely statistical in
nature. They require one to compare the photon fluxes from different solar
flares; since no two flares are the same, this 1is a very suspect
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procedure. Polarimetric observations provide direct evidence for electron
beaming within a particular flare without recourse to any data from a
different flare.

The pioneering observational work in solar X-ray polarimetry was done
in a series of satellite experiments by Tindo and his collaborators in the
Soviet Union (Tindo et al. 1972a, 1972b; Tindo, Mandel'stam, and Shuryghin
1973; Tindo, Shuryghin, and Steffen 1976). Initial results showed high
levels of polarization (up to 40%), although of rather low statistical
significance, and these were generally interpreted as evidence for strong
beaming of the electrons. These results are shown in Figure 1 where they
are compared to the theoretical calculations of Bai and Ramaty (1978). The
theoretical curve marked "thermal” in this figure is the polarization
expected to arise by X-ray backscattering in the photosphere when the in-
trinsic flare radiation 1is unpolarized (and so presumably thermal in
origin). The results of the polarimeter flown by the Columbia Astrophysics
Laboratory as part of the 0SS-1 payload on the Space Shuttle mission STS-3
by contrast showed very low levels of polarization - no more than a few
percent. At the same time but independent of the observational work, Leach
and Petrosian (1983) showed that the high levels of polarization in the
Tindo results were difficult to understand theoretically, since the
electron beam 1s isotropized on an energy loss timescale -~ an effect which
substantially reduces the expected levels of polarization, although not to
zero, Recently Haug, Elwert, and Rausaria (1985) also considered the
effect of electron scattering on electron beaming and X-ray polarization.
These workers predict higher polarization than Leach and Petrosian but it
is important to note that Haug et al. consider only a straight electron
path, they do not consider the curvature of the electron path in the flare,
an effect which will almost certainly reduce the polarization. 1In Figure 2
we compare the results of Tindo et al. (1976) to the predictions of Leach
and Petrosian (1983) (which do not 1include photospheric backscatter
effects). For comparison we again show the predictions of Bai and Ramaty
(1978) which do include a photospheric backscattered component, but which
predict a higher intrinsic source polarization due to their approximate
treatment of the beamtarget interaction. In Figure 3 we compare the STS-3
results to the calculations of both Bai and Ramaty and Leach and Petrosian.
These results are considerably below those of Tindo and all of the theore-
tical results. As noted on Figure 3 one of the STS-3 events was impulsive
in nature. A subsequent comparison by Leach, Emslie, and Petrosian (1985)
of the (impulsive phase) STS-3 result and the above theoretical treatment
shows that the former are counsistent with several current models (see
Figure 4) and that a factor of ~3 improvement in sensitivity is needed to
distinguish properly among the possibilities. 1In addition, there is reason
to expect stronger polarization effects at higher energies: Although the
predicted polarization curves of Leach and Petrosian (1983) are only weakly
energy dependent (up to at least 100 keV), there may be a strong admixture
of thermal X-rays at the energies seen by the STS-3 instrument (5-20 keV,
but predominantly below 10 keV). As Leach, Emslie, and Petrosian (1985)
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stress, this thermal “"contamination” will tend to reduce the observed
polarization, but the effect should decrease sharply with increasing energy
(see also Emslie and Vlahos 1980), so that the need for higher energy
observations 1is clear. Further, in the case where the coronal component
can be observed in 1isolation, such as in a flare whose footprints are just
behind the occulting photospheric 1limb, the predicted polarization is much
higher (Leach et al. 1985). Thus we clearly see that better polarimetric
observations are. needed, particularly at high energies where thermal
effects are unimportant. 1In the next section we describe a new polarimeter
that 1s designed to answer the outstanding questions regarding electron
beaming and scattering in solar flares.

2., AN IMPROVED SOLAR FLARE POLARIMETER

The previous STS-3 instrument exploited the polarization dependence of
Thomson scattering (see Figure 5). The targets (whose dimensions are set
by the relevant scattering length) were 12 rectangular blocks of metallic
lithium, monitored on two of the four sides by xenon-filled proportional
counters; there were thus effectively six targets. The low energy thres-
hold was set at ~5 keV by photoelectric losses in the lithium, the high
energy cutoff by the transparency of the proportional counters at ~20
keV. The improved instrument uses plastic scintillator (composed mainly of
carbon) 1in place of the 1lithium targets, which raises the low energy
threshold to ~10 keV. The xenon counters are in turn replaced by sodium
iodide detectors; this extends the high energy response upward to 2 100
keV,

A fundamental improvement 1n background rejection results from using
the carbon target in the form of plastic scintillator. A sufficiently high
energy photon which interacts 1in the target will give rise to a Compton
electron which can be detected by a photomultiplier tube which monitors the
optical output of the target from below. This can then be used as a
trigger for the acceptance of events 1in the NaI(Tl) detectors. Although
the exact value of the Compton threshold (experimentally found to be ~40
keV) 1is somewhat uncertain, the ultimate performance of the instrument is
not very sensitive to the precise value. The reason is that at energies
which are low enough for the detection of the Compton electron to be
difficult, the source fluxes are high enough that the background is simply
not a problem [It was not a problem for example in the STS-3 polarimeter].
Conversely, at energies which are sufficiently high that good background
rejection is essential (because of the low fluxes), the Compton electron
will have enough energy that it will be relatively easy to detect. In fact
siace both target and detector eveants will be recorded in flight, the
precise value of the Compton threshold can be chosen post-flight to
optimize the polarization response.

Because the NaI(Tl) detectors are relatively compact, a large uumber
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of target/detector assemblies can be packed into a relatively small
space. We further plan to adopt a hexagonal geometry (as opposed to the
square geometry used on STS-3); this results in an improved modulation fac-
tor which in turn results in higher sensitivity and reduced vulnerability
to systematic effects. Current plans are for an array of 37 targets each
surrounded by 6 detectors (the latter shared by 2 targets, except on the
periphery) (see Figures 6, 7 and 8). Such an array would be 28 in. in
diameter. This result will increase the sensitivity by a factor of

vV (37/6) ~2.5 over the STS-3 instrument in the region where the bandwidths
overlap; the high energy response will be extended upward simultaneously by
a factor of 5. The entire polarimeter assembly will be rotated to avoid a
large number of possible systematic effects (instrumental polarization).
With a static polarimeter it is necessary to compare the counting rates in
different sodium iodide detectors. Since the sensitivity and spectral
responses of such detectors are difficult to monitor this procedure can
lead to false indications of polarization. With a rotating polarimeter one
searches for a modulation of the response of each detector. The depth of
modulation and phase are simply related to the degree of polarization and
the position angle of the polarization vector. By rotating the polarimeter
at 20 RPM only 1.5 seconds 1is needed for a determination of the
polarization of the incident X-rays. This 1s clearly desirable for solar
flares which vary rapidly in intensity.

Preliminary sensitivity calculations for the 1nstrument described
above for 5 typical (moderate) flares are shown in Table I; the flare
parameters were taken from actual observed events (Lemen 1981), Assumed
integration times are 10 s in each case. Note that sensitivities of a few
percent are routinely attained up to ~100 keV energies.

3. CONCLUSION

In this paper we have described a new solar flare X-ray polarimeter
that has sufficient sensitivity so that it can be used to detect and
measure the polarization that is predicted to arise from beaming in solar
flares even when suitable account 1s taken of electron scattering. In
Figure 9 we show the sensitivity of the polarimeter to an M-3 flare in 10
seconds or for an X-3 flare in 1 second; in both cases we have assumed a
spectral photon index of 4.4. Note that the sensitivity is 2% or less at
energies up to 50 keV. At these energies unpolarized thermal emission from
the flare should be unimportant (Elmslie and Vlahos 1980). It is also
important to note that the instrument has sufficilent sensitivity to detect
the polarization expected due to X-ray Dback-scattering 1in the
photosphere. Since this phenomenon must be present the polarimeter will
certainly yield a positive result. Any deviation of the observed polariza-
tion from that due to back-scattering must be attributed to intriusic flare
polarization resulting from electron beaming. (Backscatter can reduce the
intrinsic source polarization if the angles are right.) This polarimeter
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represents a considerable improvement over the STS-3 instrument, especially
at high energies where the contaminating effects of unpolarized thermal
radiation are rvelatively unimportant. The design is based on laboratory
tests of individual modules, on detailed computer simulations, and it
incorporates the heritage of several successful rocket flights as well as
that of the STS-3 experiment. This polarimeter is well matched to the
outstanding questions about electron beaming and scattering in solar
flares.
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Table I
Polarization Sensitivities (lo) Predicted for Five Typical Flares

(10 second observation time)

1. Photon flux at 1 keV = 1,35 x 105 photons en % g71 kev!
Spectral index = 3.34
Classification = M2
Energy Range Polarization
10-20 keV 1.25%2
20-30 keV 1.70%
30-40 keV : 2,69%
40-50 keV 3.89%
50-60 keV 5.40%
60-150 keV - 4,25%

2. Photon flux at 1 keV = 3.60 x 107 photons em 2 571 kev!
Spectral index = 4.28
Classification = X2

Energy Range Polarization
10-20 keV 0.27%
20-30 keV 0.46%
30-40 keV 0.87%
40-50 keV 1.41%Z
50-60 keV 2.15%
60-150 keV 2,01%

3. Photon flux at 1 keV = 2.61 x 107 photoas em? 71 gev!

Spectral index = 4,66
Classification = M3

Energy Range Polarization
10-20 keV 0.52%
20-30 keV 1.01%
30-40 keV 2,02%
40-50 keV 3.44%
50-60 keV 5.47%
60-150 keV 5.467%
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Table I (continued)
Polarization Sensitivities (lo) Predicted for Five Typical Flares

(10 second observation time)

4. Photon flux at 1 keV = 2,49 x 107 photons en 2§71 key!
Spectral index = 4.36
Classification = M3
Energy Range Polarization
10-20 keV 0.36%
20-30 kevV 0.637%
30-40 keV 1.20%
40-50 keV 1.97%
50-60 keV 3.03%
60-150 keV 2.87%

5. Photon flux at 1 keV = 2.30 x 105 photons em 2 571 kev'l

[ ]

Spectral index = 3.0
Classification = M2
Energy Range Polarization

10-20 keV 0.60%
20-30 kev 0.75%
30-40 keV 1.12%
40-50 keV 1.55%
50-60 keV 2.,097%
60-150 keV 1.74%
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Figure 1: Comparison of the polarization results of Tindo (1976) with the
theoretical results of Bai and Ramaty (1978).
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Figure 2: Comparison of the polarization results of Tindo (1976) with the

theoretical results of Bai and Ramaty (1978) and of Leach and
Petrosian (1983). Note that the theoretical curves of Leach and
Petrosian are generally below the polarization results of Tindo.
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DEGREE OF POLARIZATION

Figure 3:
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Comparison of the STS-3 polarization results with the calcula-
tion of Bai and Ramaty (1978) and Leach and Petrosian (1983).
Note that the STS-3 results are lower than all of the theo-
retical predictions. The points marked "Assumed Calibration”
were obtained near the center of the solar disc where the
polarization is expected to be zero. This fact was exploited to
determine the instrumental polarization.
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Comparison of the STS-3 impulsive event polarization result with
theoretical predictions of Leach, Emslie, and Petrosian
(1985). The reader is referred to the theoretical paper for
details of the three different theoretical results that are
shown in this figure.
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will be rotated at 20 RPM. This avoids many possible systematic
errors that could arise in a static polarimeter in which one
must compare the signals in different NaI(Tl) detectors. With
rotation polarization manifests 1itself as a modulation of the
gignals 1in each of the NaI(Tl) detectors, the amplitude of
modulation 1is simply related to the degree of polarization and
the phase of the modulation to the position angle of the
polarization vector.
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Abstract

Several solar hard X-ray events (> 100 keV) have been observed simul-
taneously with identical instruments on the Venera 11, 12, 13, 14 and Prognoz
spacecraft. High time resolution (= 2 ms) data were stored in memory when
a trigger occurred. We present the observations of modulation with a
period of l.6s for the event on 1978 December 3. We also present evidence
for fast time fluctuations from an event on November 6, 1979, observed from
Venera 12 and another on September 6, 1981, observed from the Solar Maximum
Mission. We have used power spectrum analysis, epoch folding, and Monte
Carlo simulation to evaluate the statistical significance of persistent
time delays between features. The results are discussed in light of the
MHD model proposed by Zaitsev and Stepanov (Soviet Astron. Letters, 1982,
8, 132, and Solar Physics, 1984, 92, 283).

l. Introduction

Light curves of a number of solar flare events observed in microwaves
and/or X-rays with high time resolution (~ 0.1 s) show distinctive fea-
tures during the rise and/or decay phases. The time histories of hard
X-rays observations with time resolution of about a second on TD-1lA
could be resolved into "elementary flare bursts”™ with full width at half
maximum of 4 to 25 s (van Beek 1974, de Jager and de Jonge 1978). The study
of a number of such elementary flare bursts in a single event or their dis-—
tribution in time was not pursued in earlier papers. Recently, Loran
et al. (1985) have simulated the fast ripple structure by incorporating
in their model a variable repetition rate of these elementary bursts.
Sturrock et al. (1984) have tried to associate elementary event bursts
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with "elementary flux tubes”, thus suggesting that the features are spatial
in origin. However, Ohki (1985) reports from Hinotori imaging data
that the small size of the sources of impulsive flares and the lack of
motion indicate that spikes are temporal rather than spatial in origin,
i.e. that the same flux tube flares repeatedly.

Pioneering observations of solar hard X-rays (> 20 keV) by Parks
and Winckler (1969) with a balloon~borne detector revealed significant
power at a period of 16 s. They also reported similar simultaneous
behavior in microwaves at 15.4 GHz. Frost (1969) reported the existence
of modulation in 0S0-5 data with a period of 35 s. Rosenberg (1970) ana-
lysing the solar radio event of February 15, 1969 (160-320 MHz), reported
modulations with a period of 1 s. He explained the modulations on the
basis of magnetohydrodynamic (MHD) oscillations in a coronal magnetic flux
tube. Janssens et al. (1973) also reported periodicities in radio data.
In two homologous microwave events on May 29, 1980, Urpo (1983) has reported
features with an average separation of 3.04 s. Recently Zodi et al. (1984)
have reported 1.5 s pulsations in both 22 GHz and 44 GHz high time resol-
ution microwave data. Wiehl and Matzler (1980) studied both hard X-ray
and microwave events and reported the existence of quasi-periodic modu-
lations with periods as short as five seconds. In their study a change of
slope during the rise or fall was accepted as a modulation feature.

In the studies mentioned above emphasis has been given on results
that demonstrate periodicities or quasi-periodicities. We present solar
events which show the prevalence of persistent time-delays between suc-
cessive or alternate features indicative of the existence of a synchro-
nized series of features. We examine this in the light of the proposed
MHD model of Zaitsev and Stepanov (1982, 1984). Various models have
been proposed to explain pulsations both in hard X-rays and in radio
data (Rosenberg 1970, McClean et al. 1975, Chiu 1970).

Power spectrum analysis of transient events to find out periods
which are fractions of the total duration of the transients are not
adequate. We have also pursued auto correlation, the epoch-folding tech-
nique, and Monte-Carlo stimulation to statistically evaluate the persist-
ence of delay times between features. In highly dynamic turbulent phenomena
like solar flares, strict periodicities may not prevail but parameter
dependent characteristic times - rise, decay, and delay times - could
prevail.

2. Observations

Observations reported here were made on the Venera 12 deep space
probe (V)2) and the Earth orbiting Solar Maximum Mission (SMM) satellite.
Detailed discriptions of the instrumentation have appeared in Barat et al.
(1981), Chambon et al., (1979), and Orwig et al. (1980). The basic detec-
tors on Vjy are 4.5-cm radius, 3.7-cm thick NaI(T&) scintillators with a




plastic anticoincidence shield; the Hard X-Ray Burst Spectrometer (HXRBS)
on SMM consists of a CsI(Na) scintillator surrounded by a CsI(Na) shield
with an opening angle of ~ 40° FWHM. In both detectors, an increase in
counting rate above a certain threshold initiates data storage in memory.
The finest time resolution available is 2 ms for Viz and 1 ms for SMM.
The average photon energy threshold is ~ 100 keV for Vi and ~ 30 keV
for SMM. For the present study data with 109 ms and 15 ms integration
are used for Vy and 128 ms for SMM data.

The Event on 1978 December 3

on 1978 December 3 at 20N30™ UT, an Ha flare of importance SB was
observed from McMath region 15694 located at S22E65. Figure 1 shows the
time history of the hard X-rays observed from V;j with 109 ms resolution.
Viz was closer to the Sun than Earth-orbiting spacecraft and consequently
had better statistics. The total duration of the event was 16 s with
the maximum counting rate occurring 9 s from the start. Significant tem-
poral variations are seen during the rising phase. The filtered data are
shown at the bottom of Figure 1 with the times of various statistically
significant peaks indicated. Two series of peaks with delay times of
about 1.6 s are indicated in the figure. Figure 5 shows the histograms
of the delay times between alternate features. The amplitude of the
pulses of the first series appears to be constant while the amplitude
of the second series of pulses is growing. The average pulse profile
after proper phase folding for 6 cycles is also indicated in Figure 4a.
The shape of the first series of pulses is symmetrical with rise and
decay times of about 300 ms. The time-varying second series of pulses
is poorly defined statistically. During the decay phase after about 11
s, the pulsations are significantly attenuated.

Bogovalov et al. (1983) have analysed several solar events for
quasi-periodicities and have reported for this same 1978 December 3
event pulsation frequencies of 1.22 £+ 0.03 Hz and 0.50 % 0.03 Hz with
99% confidence 1limits. We have also carried out the power spectrum
analysis and agree with their results, but to emphasise the existence of
two synchronised series of features, we have also used the epoch—folding
technique and evaluated the x“ for various periods. We found that g
peaks at a period of 1.64 s.

The light curve of this event shows a succession of ten prominent
peaks. The times of occurrence of all ten peaks can be described as a
periodic series of seven peaks with an "inter-pulse” which occasionally
appears at a stable phase. The probability of the peaks happening with
this arrangement can be calculated by a Monte Carlo simulation. Specif-
ically, we ask what is the probability that ten peaks can be randomly
scattered and yield ten "hits" to a periodic peak with interpulse. 1In
one thousand Monte Carlo trials none demonstrated periodicity. In fact,
on average, only four out of ten peaks could be fitted into a periodic
pattern.
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The Event on 1969 November 6

A second event occurred on 1969 November 6 at 08138® yr. Figure 2
shows the light curve with 109 ms resolution. The total duration of
the event is about 10 s. There are three major features and three
secondary features. The delay times between both series are indicated in
Figure 2. The folded light curve of the pulse profiles is presented in
Figure 4b with a time resolution of about 15 ms. Time variations down
to 30 ms are seen in the average pulse profile. The initial rise occurs
within 150 ms and the decay takes =~ 360 ms. The distribution of inter-
val times between features is shown in Figure 5.
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Figure 2. Time history of the November 6, 1979 event.
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The Event on 1981 September 6

Another short event which shows well defined multiple pulse struc-
ture occurred on 1981 September 6 at 23053® UT. Figure 3a shows the
total event. A time-expanded view of both the initial low level and
later high intensity multiple structures are shown in Figure 3b. There
is a total of nine peaks with a characteristic time delay of ~ 2.5 s.
The light curve could also be interpreted as repetitive groups of three
peaks with a time delay of about 6 s. The successive light curves of
these groups are shown in Figure 4c. This pattern is revealed at energies
up to 300 keV. The distribution of interval times between features is
shown in Figure 5.
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In order to evaluate the characteristic parameters of the repetitive
features we have epoch-folded appropriate intervals of the light curves
of events 1 and 2 and the results are shown in Figure 4a and 4b, respect-
ively. The similarities of the features of the third event are revealed
by the aligned profiles of Figure 4c.
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All of these events are short with total durations not exceeding
40 s. Significant features with widths of about a second are revealed
as distinct peaks with persistant delays between them. The characteristic
time delay for three events is 1.6 s, 2.3 s, and 6 s, respectively.
Figure 5 shows the frequency distribution of these intervals for all 3
events.
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Figure 5. Frequency distribution of the alternate time intervals between
significant features of the three events.
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The ratio of the amplitude of the pulse AJ to the average intensity
J is ~ 50%. The pulses occur at energies up to 360 keV. The amplitude
of the successive peaks of the December 3 event are nearly constant giving
a high value of the quality Q of the assumed generating oscillator, where
Q = nt/P, t is the e—-folding time of the decrease in the pulse ampli-
tude, and P is the pulse period. In Figure 6a,b, and c, we show the
simultaneous behavior at various energies for all events.
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Figure 6. Time profiles at various energies for all 3 events.
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We have studied the evolution of the X-ray spectrum for the event
of September 6, 1981 with a time resolution of 256 ms. Figure 7 shows
the spectral index Ay of the best fitted power law along with the inten-—
sity profile of the event. At least three of the peaks are associated
with lower power law index values indicating a harder spectrum than in
the valleys. This type of behavior of spectral variation is also reported
by Kosugi (1985) at this meeting.
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Figure 7. Temporal variation of the power law index Ay and the HXRBS

count rate for the event of September 6 in the energy range
from 30 to 290 keV.
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In the MHD model reported by Zaitsev and Stepanov (1982, 1984),
compact (< 1010 cm) magnetic loops with plasma density and electron
temperature one or two orders of magnitude higher than the ambient values
are considered as the resonators for fast mode MHD waves. The period P
of fast magnetoacoustic oscillations in a loop with a radius r that is
much smaller than the length is given by the following expression:

_ 2 2y-1/2
P = r(cA + cs)
whgre Cp i% the Alfve% speeg ﬁﬂ? cg is the sound speed. With r between
10®” and 107cm and (cA + cS) = 108cm s-l, one gets P in the range
of 1-10s, in good agreement with our results. Values of the period P,
the degree of modulation AJ/J, and the quality of the oscillator Q obtain-
ed from the observations enable estimations to be made of the plasma

density, the plasma temperature, and the magnetic field strength in
the loop (Zaitsev and Stepanov, 1982).

This type of analysis for the three events presented here indicates
temperatures of ~ 10 K, magnetic _fields of ~ 100 Gauss and plasma
densities between 1010 and 1012cm=3. These are in general agreement

with values of these parameters derived from other models.

We want to thank B.R. Dennis for providing SMM-HXRBS data, for
critically reviewing the text, and for suggesting valuable improvements
for this final presentation.
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The limb flare of 1980 November 18, 14:51 UT, was investigated on the basis
of X-ray images taken by the Hard X-ray Imaging Spectrometer (HXIS) and of
X-ray spectra from the Hard X-Ray Burst Spectrometer (HXRBS) aboard SMM. The
impulsive burst was also recorded at microwave frequencies between 2 and 20
GHz whereas no optical flare and no radio event at frequencies below 1 GHz
was reported. The flare occurred directly at the SW limb of the solar disk;
this fact allows to study the height variation of the X-ray emission. Dur-
ing the impulsive phase several X-ray bursts of short duration (elementary
flare bursts) were recorded by HXRBS at energies between 29 and ~300 keV
(Fig.1) and by the high-energy bands of HXIS (16 - 30 keV).

10000 1 A A 3 L l A i 5 A 1 l 1 L 1 I3 1 | 1 1 1 L 1 l 1 2000
HXRBS HXIS
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8000 — - 18600
6000 — L 1200
4000 — — 800
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14:50 14:52 14:54 14:56 UT 14:58

Fig. 1. Time evolution of the soft and hard X-radiation as observed by HXIS and HXRBS, respectively.

Deconvolved contour maps of the flare site (Fig.2) show that during
the short~term spikes the 22 - 30 keV radiation is mainly emitted from a
compact area close to the solar limb. In contrast, the source of the last
major X-ray spike which has a longer duration of about 15 sec and a softer
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Fig.2. 22-30keV contour maps of the flare region for the time periods (a)14:51:37-14:51:58,
(b) 14:52:45-14:53:05, and (c) 14:53:10-14: 53: 33. The contour levels correspond to 100, 50, 25, 12.5,
and 6.257, of the peak counting rate.

spectrum is situated at greater heights in the solar atmosphere. The hard
X-ray light curves of the short-time bursts are in very good agreement with
the microwave time profiles whereas the broader X-ray spike is missing in
microwaves.

Taking advantage of the spatial resolution of the HXIS images (8" corre-
sponding to ~6000 km on the Sun), the time evolution of the X-radiation ori-
ginating from relatively small source regions can be studied (Fig.3). In par-
ticular, the elementary flare bursts which are observed by HXRBS without spa-
tial resolution may be attributed to different source regions.

b

count rate

___count rate
v

|
L3 HJL"

1451 1453 1455 uT. 1451 1453 1455

Fig. 3. Time evolution of the 22-30 keV count rates in areas
A (a) and B (b). The marks on the abscissae denote the maxima
of the corresponding hard X-ray spikes of Figure 1.
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During the impulsive phase of the flare the hard X-ray spectra gen-
erally could be well fitted to a power law with spectral index y (Fig.4).
Using the HXIS count rates of individual pixels it is possible to deter-
mine the spectra of X-rays originating from different source regions. Parti-
cularly, in limb flares the height variation of spectra measured simultane-
ously can be studied. This was performed for the regions around the compact
source of the short-term X-ray spikes. During these bursts the spectra are
quite hard (y = 3.2 to 4) and there is a systematic trend of the spectral
index y to increase with increasing height of the source above the solar limb.
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Fig. 4. Composite HXIS and HXRBS Fig. 5. Theoretical variation of X-
spectrgm (x—ra¥ flux ¢(hv) in units ray spectra, produced by electrons
- _1 - . . . . _
of cm “s “keV °) taken during the injected with a power-law energy
first hard X-ray spike around distribution, with increasing column
14:51:56. The straight line repre- density traversed, N. The electron
sents the best fit to a power law spectral index is § = 5, and the
with spectral index y = 3.88. ordinate scale is in arbitray units.

Using Monte Carlo computations of the energy distribution of energetic
electrons traversing the solar plasma, the bremsstrahlung spectra produced
by these electrons have been derived (Haug et al., 1985). Under the assump-
tion that the electrons are injected at high altitudes in the corona, e.g.,
at the top of a magnetic loop, with a power-law spectrum in kinetic energy,
the resulting X-ray spectra are hardest at high column densities of the
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plasma traversed by the electrons, i.e., at low altitudes (Fig.5). This is a
consequence of the more rapid slowing down of the less energetic electrons
due to Coulomb collisions. The observed hardening of the X-ray spectra with
decreasing altitude of the X-ray source is consistent with the existence of
nonthermal electron beams precipitating from the corona toward the dense lay-
ers of the solar atmosphere. The compact X-ray source situated close to the
solar surface can be interpreted as the footpoint of a flaring loop; the
other footpoint is occulted by the solar disk. This interpretation is also
in accordance with the fact that after the short-term spikes the differences
between the y values of regions at various altitudes have decreased consider-
ably. Moreover, the spectra have softened. These characteristics indicate
that the injection of electrons has ceased and that the energetic particles
have thermalized.

A full account of this work has been given in Solar Physics 99, 219
(1985).

Reference

Haug, E., Elwert, G., and Rausaria, R.R. 1985, Astron. Astrophys. 146, 159.

78




N87-21792

A STUDY OF STARTING TIME IN GREAT HARD X-RAY FLARES

K. L. Klein
M. Pick

Observatoire de Paris
Section de Meudon
92195 Meudon, France

A. Magun

Institut fiir Angewandte Physik
Sidlerstr. 5§
3012 Bern, Switzerland

Abstract

An analysis of the starting time in ten great hard x-ray bursts observed
with HXRBS is presented. It is shown that the impulsive phase of nine of them is
composed of a pre-flash phase, during which the burst is observed up to an energy
limit ranging from some tens of keV to 200 keV, followed ten to some tens of
seconds afterwards by a flash phase, where the count rate rises simultaneously
in all detector channels. For two events strong gamma-ray line emission is
observed and is shown to start close to the onset of the flash phase.

1. Introduction

Hard x-ray and gamma-ray observations from SMM have shown that energetic
electrons and ions are accelerated since the early stage of solar flares. There
is nevertheless still controversy as to whether high energy electrons and ions
are accelerated simultaneously with electrons of lower energy or whether a
second, distinct step of acceleration is necessary to account for high particle
energies. This controversy arose mainly from analyses of the temporal evolution
of hard x—ray bursts, where in a minority of cases high energy peaks were
observed to lag those at lower energies. This was ascribed to the acceleration
process itself by several authors (e.g. Bai and Ramaty, 1979; Bai and Dennis,
1985), whereas others showed that the interaction of energetic electrons with
the background plasma can account for such delays (Vilmer et al., 1982). In fact
the interaction effects make the peak time analyses yield ambiguous results. On
the other hand, as hard x-ray emission is the immediate response of a plasma to
the injection of energetic electrons, the starting time of the burst is not
affected by the above-mentioned ambiguities. It is clear, however, that this
parameter is influenced by the energy—dependent detector threshold.
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Studies of the onset phase of the radiation from energetic electrons in
solar flares are still rare. Forrest and Chupp (1983) concluded for two events
that the hard x-ray and gamma-ray observations were compatible, within the
limits of detector sensitivity, with a simultaneous start of photon emission
from 40 keV to 8 MeV, Benz et al. (1983) considered hard x-rays and radio waves
at the very beginning of the impulsive phase. They found in some events evidence
for two components of the impulsive phase: a weak hard x-ray emission lasting up
to one minute, followed by a steep rise within some seconds to the peak count
rate. They termed these phases respectively pre-flash and £flash phase.
Subsequently Raoult et al. (1985) showed for a series of energetic hard x-ray
bursts a systematic evolution from the pre-flash phase, associated with metric
type III bursts, to the more energetic flash phase with associated continua in
the decimetre to metre waveband (type V burst).

In this contribution we present an analysis of the onset phase of hard x-
ray bursts aiming at the precise definition of the starting time of the burst in
each detector channel. The paper focusses on the observational results. Section
2 introduces the method of analysis and the selection criteria for the studied
events. The results are presented in section 3 and discussed in section 4 with
respect to relevant observations in other ranges of the electromagnetic
spectrum.

2. Method

We have analyzed the starting time of ten hard x-ray bursts observed with
the Hard X-ray Burst Spectrometer (HXRBS; Orwig et al., 1980) on the Solar
Maximum Mission. These events had peak count rates above 7000 s~ 1 integrated
over all detector channels (HXRBS event listing; Dennis et al., 1982). Six of
them exhibit significant emission in the 4 to 8 MeV band of the Gamma—-Ray
Spectrometer (Chupp, pers. comm. ). For some of the events ISEE 3 data were also
available (courtesy S.R. Kane).

In order to define a starting time of the burst, we computed in each
channel the background count rate (mean value) and the noise (standard deviation
¢) in the minutes before burst onset. The starting time was defined by the
instant after which for the first time three successive count rate values
exceeded the background + nc — level. We considered separately the cases n=3 and
n=5 in order to have an approximate measure of the uncertainty of our results. In
all channels count rates integrated during 1.024 s were used.

3. Results

Fig. 1 shows the results for the strongest event of our sample, the
neutron flare of 1982 June 3. Crosses give the photon energy where the count rate
exceeds the threshold value, as a function of time: horizontal error bars
delimit the time interval between the 3 ¢ and 5 ¢ levels' being exceeded (if no

error bars are plotted, these levels are exceeded simultaneously), vertical
error bars represent
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seconds after the first signature at low energies a rapid rise occurs as a
distinctive feature in all channels, and during which the detection threshold is
exceeded in the high energy channels nearly simultaneously. In accordance with
the terminology of Benz et al. (1983), we refer to these two phases as pre-flash
and flash phase, respectively. The onset times of the flash phase observed with
HXRBS and ISEE 3 are seen to coincide within some seconds. Both events exhibit
strong excess emission in the 4-8 MeV photon energy range. This emission
(Forrest and Chupp, 1983; Chupp, pers. comm. ) starts, as indicated by the arrows
in figs. 2.a, b, close to the onset of the flash phase of hard x-rays.

As at low energies the start of the flash phase is masked by the pre-flash
emission, it cannot be analyzed by the method of section 2. We attempted to get
an indication of the starting time by extrapolating the observed rise back to
zero through a straight line. This was possible for four events of our sample.
The starting time of the flash phase found this way in the low energy channels
agreed with that in the high energy channels obtained with the method of section
2 within an uncertainty of +3 s, which cannot be considered as a significant
difference in the frame of the method used here.

The two phases have been found
in nine of the ten events studied. The
- E;i?sln l upper energy limit where pre-flash
i er! ———+——— emission could be detected ranges
| between some tens of kevV to 200 keV.
wﬁ "'%"__ The duration is some seconds to 80 s.
r No flash phase signature has been
i + observed in the "gradual” flare of
f 1981 April 26 at 11:40 UT (Bai and
b ——F* Dennis, 1985). Fig. 3 shows the
rwﬁ —+_ temporal evolution of its threshold
_F energy. The emission exhibits a slow
__%_ rise in all detector channels up to
L 250 keV., In the two highest channels
1143 1144 1145 146 UT there seems to be some fine structure
Fig. 3 disturbing the slow rise, but the
count rate statistics is too poor to
yield clear evidence for flash-phase
like features.

Threshold energy [kev]

4., Discussion

We have shown that nine out of our sample of ten hard x-ray bursts with
peak count rates above 7000 s~1 exhibit two components of the impulsive phase:
—a pre—~flash phase restricted to lower energies up to 200 keV and lasting
some seconds to 80 s,
—a flash phase during which the emission in all detector channels rises
simultaneously within an uncertainty of some seconds.
In their study of 45 events with HXRBS count rates above 1000 s~! Benz et al.
(1983) found evidence for these two phases in seven cases from visual inspection
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of the count rate time histories integrated from 26 keV to 461 keV. Two of these
events (on 1980 March 29, cf. fig. 1 of Benz et al.) belong to the sample
discussed in this contribution and confirm the identification of pre-flash and
flash phase with the features found in our analysis. The presence of these two
phases seems to be a much more frequent phenomenon in the great hard x-ray bursts
discussed here than in the smaller events of Benz et al. ( 1983), probably
because the pre-flash emission is too weak to be detected in events with low peak
count rate.

In the two events where we dispose of precise onset times measured with
the gamma-—-ray spectrometer, the rise of emission in the 4 to 8 MeV band occurs
close to the onset of the flash phase of energetic electrons. Forrest and Chupp
(1983), comparing starting times of the 40 keV to 8 MeV emission in the 1980 June
7 and June 21 events, concluded on their simultaneous rise in all channels of the
gama-ray spectrometer. This is, however, only valid for the flash phase, in
agreement with our results. The pre-flash emission was not detected in their
study. For the 1982 June 3 flare detailed observations of low-energy photons are
also available. Centimetric radio observations at Bern University show a
spectrum peaking at low frequencies during the pre-flash phase. With the rise of
the flash phase the spectral maximum starts a rapid drift to high frequencies.
In the metre waveband the pre-flash hard x-rays are accompanied by fast-drift
bursts. Near the onset of the flash phase the starting frequency increases
rapidly - in accordance with the observations reported by Benz et al. (1983) -
and a continuum emission extending over all the band 150 MHz to 470 MHz covered
by the Nangay radio spectrograph is established some seconds after the start of
the flash phase in hard x-rays. Raoult et al. (1985) have shown that this is a
typical evolution of radio emission associated with impulsive hard X-ray
bursts.

These independent observations suggest that the pre-flash and f£lash phase
as defined by the method of section 2 are physically significant phenomena
occurring during the early stage of a flare, despite the problems introduced by
the detector properties into an analysis based on low count rates. These
problems affect the question of time delays between different photon energies.
The reality and physical meaning of these - evolution of a single mechanism of
acceleration/injection or action of different processes - can only be
investigated through a thorough simulation of the detector response to model
spectra.
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STATISTICAL ANALYSIS OF FAST HARD X-RAY BURSTS BY SMM
OBSERVATIONS AND MICROWAVE BURSTS BY GROUND-BASED OBSERVATIONS

Li Chun-sheng and Jiang Shu-ying

Astronomy Department
Nanjing University
Nanjing, China

l. Data and Method of Analysis

In order to understand the relationship between fast hard X-ray
bursts (HXRB) and microwave bursts (NWB), we have used the data published
in the following publications.

1. 'NASA Technical Memorandum 84998.
The Hard X-Ray Burst Spectrometer Event Listing 1980, 1981 and 1982.

2. Solar Geophysical Data (1980-1983). Academia Sinica

3. Monthly report of Solar Radio Emission. Toyokawa Observatory, Nagoya
University (1980-1983).

4, NASA and NSF: Solar Geophysical Data (1980-1983).

We get the data of fast HXRB detected with time resolutions of 10 ms,
5 ms, and 1 ms and corresponding data of MWB observed (with a time constant
of 1 s) at frequencies of 17GHz, 9.4 GHz, 2.75 GHz, and 2.8 GHz during

the same flare-burst event.

For analyzing individual events, the criterion of the same event for
HXRB and MWB is determined by the peak time difference.

T = |Tmw - Thx| < 20 seconds

The regression relation between the physical parameters of MWB and HXRB
may be written as:

Y = A+ BX
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where X indicates the logarithm of the following parameters: peak flux
density Sp, total flux density St, and duration T'mw of MWB. Y indicates
the logarithm of the corresponding parameters: peak rate Cp, total counts
Ct, and duration T'hx of HXRB.

2.

B is the regression coefficient

A is the regression constant

Sp is_in s.f.u.

St = S.T'mw, S = the mean flux density
T'mw in seconds

Cp in counts per second

Ct in counts

Thx in seconds

Results and Conclusions

With the method of data analysis mentioned above, we obtain the

results presented in Table 1 and Figures 1 to 4.

In Table 1, the parameters have the following meanings:

R is the correlation coefficient between X and Y for the energy
range of channels 1 to 15 (i.e. 25-500 keV)

Rl is the correlation coefficient for the energy range of channels
1 to 5 (i.e. 25-140 keV)

R2 is the correlation coefficient for the energy range of channels
6 to 15 (i.e. 145-500 keV).

The statistical analysis run so far and the comparisons of correl-

ation parameters with one another allow us to draw the following con-
clusions:

1.

There is a good linear correlation between the physical parameters of
MWB and fast HXRB.

Comparison of R, Rl and R2 at different frequencies for MWB show the
best correlation coefficients occur at 9.4 GHz.

R2 is larger than Rl at any frequency. This means that the correlation
between X and Y is closer in the higher energy range of 145-550 keV
than that in the energy range of 25-140 keV at the same frequency.

Correlation coefficients between T'mw and T'hx are not as good as the
others, but they increase as the frequency decreases.
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Figure 1: Time profiles of radio bursts at 2.84 GHz and hard X-ray
bursts during the large solar flare of May 16, 1981.
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Figure 2: Correlation diagram between peak flux Sp at 9.4 GHz and hard

X-ray intensity Cp (in counts/s) in the energy range of
25-500 keV.
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Figure 3:
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MICROWAVE AND HARD X-RAY EMISSIONS
DURING THE IMPULSIVE PHASE OF SOLAR FLARES:
NONTHERMAL ELECTRON SPECTRUM AND TIME DELAY

Gu Ye-ming* and Li Chun-sheng

Department of Astronomy
Nanjing University
Nanjing, Peoples Republic of China

*Present address:
Institute of Electron Physics
Shanghai University of Science and Technology
Shanghai, Peoples Republic of China

Abstract

On the basis of the summing-up and analysis of the observations
and theories about the impulsive microwave and hard X-ray bursts, we
have investigated the correlations between these two kinds of emissions.
It is shown that it is only possible to explain the optically-thin
microwave spectrum and its relations with the hard X-ray spectrum by
means of the nonthermal source model. A simple nonthermal trap model in
the mildly-relativistic case can consistently explain the main character-
istics of the spectrum and the relative time delays.

I. Introduction

In recent years, along with the continuous development of space
observations, the investigation of solar high-energy phenomena plays
a more and more important role in flare physics. The so-called high-~
energy phenomena include the high-energy particles produced by the
flare energy release, and the electromagnetic emissions from these
particles. It is believed that a significant part of the flare energy
is released in the form of high-energy particles during the impulsive
phase. But the properties of these particles are not clearly known. For
example, what is their velocity distribution (thermal and nonthermal)?
Are they produced by heating or by acceleration, etc.?

Since we can't detect these particles in the flaring region on the
surface of the Sun, we can only observe their emission on the ground or
in interplanetary space, or the escaped particles from the Sun. The
former is the basic way to understand these particles.
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The emissions most closely related to these high-energy particles
are microwave, ultraviolet, hard X-ray, and y-ray emissions. One of
the fundamental problems for our theorists is to relate the observa-
tional quantities of these emissions with the high-energy particles.
All these emissions are detected during the impulsive phase, so they
are of impulsive characteristic, i.e. they have fast oscillating time
profiles.

By analyzing the temporal, spatial, and spectral character of the
microwave and hard X-ray bursts, we can get some important information
about the high-energy particles and the flare energy-release region.
In this paper, we have investigated the spectral correlations between
these two kinds of emissions and the time delays and reached some
important conclusions.

For convenience, in the following discussion we use "MW" and "HX"
to represent "Microwave” and "Hard X-Ray"”, respectively. The units of
all the quantities used in the paper are listed in Table 1.

Table 1. Quantities used in this paper

Symbols Meaning Units
L, S, V linear dimension, projected area and 109cm, 1018cm2
volume of emission source respectively 1027cm3
Fx photon flux of HX photons em2 s71 kev~l
Fu flux density of MW source S.F.U.
9

Tys Teff brightness and effective temperature 10° K
of MW source

B magnetic field in the source 102 Gauss
N, electron density of medium 1010cm_3

N nonthermal electron density 109 cn~3

£ =N.N,.V emission measure 1046cm_3

E, € electron and photon energy keV

f MW frequency 109 Hz(GHz)
A index of power-law spectrum 107
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II. Impulsive Microwave and Hard X-ray Bursts

To show the purpose of this work and to provide a foundation of
our discussion, we give a brief review of both observational and
theoretical investigations of MW and HX bursts.

1. Morphology and Time-correlation

Both MW and HX bursts have an impulsive character and have similar
structures. Their morphologies are varied. The simplest one is a single-
spike event. A multi-impulsive burst may have a very complex time
profile. But in general we can resolve a multi-impulsive burst into
many single-spike bursts, and all these resolved single-spike bursts
are of similar character, with durations between a few seconds and tens
of seconds. So it is convenient for us to investigate the short dura-
tion single-spike bursts and to extend the results to multiimpulsive
bursts (including those with quasi-period structures). We do not con-
sider the so-called "fine-structures” (of subsecond time scale) 1in this
paper.

The time-correlation between MW and HX emissions was recognized as
early as the HX bursts from the solar flares were first detected. Space
observations have shown that MW and HX bursts are not only similar in
time structures, but also reach maximum at approximately the same time
and have similar time profiles (we will discuss the time—-delays in
Section IV). These similarities have been taken as evidence for a
common source of MW and HX emissions.

Actually such close correlations show that, even if MW and HX
emissions do not come from the same population of electrons in a common
source, they should be emitted by the high-energy electrons from the
same acceleration process.

2. Spectrum

The observed MW spectrum is composed of data at a few fixed fre-
quencies. The statistical analysis for a large amount of events shows
that most of MW bursts have a "C-Type" spectrum. A typical "C-Type"
spectrum rises at frequencies of > 1 GHz, and reaches a maximum in the
range of ~ 5-15 GHz, then decays toward higher frequencies. The rise
and decay before and after the maximum can be approximately described
with power-law spectra (Guidice and Castelli, 1975).

There are three spectral forms used to describe HX specta: single
power—law, double power-law and exponential. But the spectrum repre-
sented by them may have differences in essence: the power-law spectrum
is of "nonthermal” character, and the exponential one is of "thermal"
character. Because of low resolution it is difficult to distinguish
between the thermal and nonthermal properties for most of the observed
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spectra, but generally a single-power-law fit can describe the main
characters of the observed spectra. We will use this form in the
following discussions.

3. Thermal and Nonthermal Models for MW and HX Emissions

There have been controversies in deciding the thermal or non-
thermal origin of the energetic electrons.

In a thermal model, all the electrons in the energy-release region
are bulk-heated to temperatures in excess of 10® K. They are trapped
in a magnetic loop or an arcade of loops and limited by the ion-acoustic
turbulent fronts. The thermal bremsstrahlung and gyrosynchrotron emis-
sions from these hot electrons produce the HX and MW bursts, respect-
ively. In a nonthermal model, a relatively small fraction of the elec-
trons in the energy-release region are accelerated to energies of E >
10-100 keV. They are distributed in an approximate power-—law spectrum.
There are three limiting cases for HX emission: thin-target, thick-
target, and magnetic trap model. Because of the low energy efficiency
of the thin-target model, we do not consider it in this paper.

4, Possible Discrimination Between Thermal and Nonthermal Models

It is feasible in principle that, there could be a simple criterion
to decide which model is more suitable. But we meet difficulties in
reality.

Spectra studies of both HX and MW and their modeling have been
undertaken to decide the thermal or nonthermal origin of the energetic
electrons. But it has been pointed out that, when the inhomogenities
of the source are introduced, regardless of the spectral forms, the
spectra, on their own, are not capable of distinguishing the thermal
model from the nonthermal model (Brown, 1974 and Emslie, 1983). Because
of the wuncertainties in both observations and theories, we can not
reach definite conclusions from other observational diagnostics of HX
emissions, such as the directivity, prolarization and the spatial
location of the emission source.

Thus, it can be seen that the only possible way to seek the cri-
teria for distinguishing between the models is to investigate the
optically-thin MW spectrum and its morphology (since the optically-thin
part is not so seriously affected by the inhomogenities as the optically-
thick part) and their relations with the spectrum and morphology of HX
emissions.
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Figure 1. Three typical MW spectra from SGD data.

III. Nonthermal Models of the Emission Source
® Trap Model and Electron-stream Thick-target Model

According to the discussions in the last section,

we now try to
find criteria to distinguish the two models.

1. Collection of Observational Data

We list the observational data for 15 impulsive events in Table 2.
Spectral data for both MW and HX bursts are given for the peak time.
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For multi-impulsive (or the so-called "extended bursts”) we consider
the main impulsive spike. The maximum time is given for the HX burst.
Two kinds of delays are given: Atyx-mw 1s the delay between HX and
MW, a positive value for HX preceding MW; Atyy is the frequency depen-—
dent delay of MW and a positive value is for the precedence of higher
frequencies. Most of the MW data are from Solar Geophysical Data (SGD).
Fu is the maximum observed flux and fu is the frequency at which the
maximum is reached; m and § are the power—-law indices before and after
the maximum (reverse frequency), respectively. All the HX spectral data
are selected from the literature. 7Y is the single power-law index and A
is the coefficient of the HX spectrum.

2. Two Nonthermal Models: Model I and Model II

It would be of great significance to explain the main character-
istics of MW and HX bursts with a simple model and to make reasonable
estimates of the source parameters from the observed data. Crannell
et al. (1978) used a homogeneous thermal model to explain 22 simple
spike bursts. In this section we will use two kinds of homogeneous
nonthermal models instead.

Suppose that, in the energy-release region near the top of the
magnetic loop in corona, a fraction of electrons is accelerated to a
distribution which can be approximated by

N(E) = KE™® (cm kev™l) (1)
where K= (a—l)Eg-lN (2)

N is the total number density of the nonthermal electrons with energies
E>Egy, and E, is the low cut—off energy of the power-law spectrum. The
accelerated electrons may be trapped in magnetic loops or precipitate
along the magnetic lines to the denser solar atmosphere. The energy-
spectrum of the freely precipitating electron stream is given by:

1/2 -atl/2

F(E) = N(E) ¥ (2/m) E'/%s = 1.88%10% skE (electrons/cm’s) (3)

where we have assumed that the magnetic loop has a uniform cross—-section
with area S. The observed HX spectrum is described as:

7

F (e) = 10 Ae Y (4)

According to Brown (1974, 1976), the relations between electron spectra
and HX photon spectra can be given by:

N(E)NV = 3.61%101 y(y-1)2B(y-1/2,3/2)aE""*1/2 (5)
F(E) = 2.68%10%0y2(y-1)28B(y-1/2,3/2)AE"Y"1 6)
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for the two cases: trap (Model I) and precipitation (Model II), respec—
tively. B(p,q) is the Beta function. Comparing (1), (5) with (3), (6)
we get the relationships between source parameters and observational
quantities:

Model I: A = 2.77*10‘3gx1 or £ = 3.61*102A/K1 (7)
Model IL: A = 7.01*10°SNK, or SN = 1.43%*107°A/K,  (8)
where K; = K/ (Y(v-1)% B(¥=1/2,3/2)); Ky = K; /v (9)

The corresponding relationships between the spectral indices are
ap =y - 1/2; az = Yy + 3/2 (10)

To calculate the gyrosynchrotron emission from HX emitting elec-
trons, we use the empirical formulae derived from the numerical method
given by Dulk and Dennis (1982). It is convenient to express the peak
(spectral reverse) frequency and effective temperature as:

£ = 35.9%1070-21a (in0)X4 (N )X!pX2 (11)

peak

T ep = 4.16%10"0+26a (gine)x5p—x3f¢x3 (12)

The emission and absorption coefficients are given by

1.56%1071271:02a (4 gyxbpdtly ¢d (13)

Ng

K
f

2.67%1073:0-0.760a (5ino)x7Bx5-1N, £x8 (14)

where we use the indices

xl = 0.32-0.03a; x2 = 0.68+0.030a; x3 = 0.50+0.085a
x4 = 0.,4140.03a; x5 = -0.36-0.06a; x6 = -0.43+0.65¢
x/ = -0.09+0.72a; x8 = 1.30+0.98a; d =0.900-1.22 (15)

For a source with brightness temperature Tp, the MW emision flux observed
on the Earth is given by

F (£) = s/4nR%.2k6%/C2. T, (in c.g.s. units)

where R is the distance between the Earth and the Sun. According to
the solution of radiation transfer in a homogeneous source, we have
T

f); T = 10°

Ty = Topg (l-e LK¢ (16)

and F (f) =1 08S£2T, = 1 08S£2T (1- _Tf) (17)
u . b . eff €

where 1¢ is the optical depth of the source.
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It is obvious that the observed spectra of HX and MW emissions are
completely determined by the nonthermal electron spectrum (N, E,, a)
and the source parameters (B,L,S,V). For simplicity we take E,=20 keV
and assume

S =12, v=sL=13 (18)

in the following discussion.

3. Evidence for a Nonthermal Electron Spectrum
Correlation between the Indices of the Optically-~thin MW and HX Spectra

In a nonthermal source, the optically-thin MW spectrum is determined
only by the electron spectrum; it is independent of the inhomogenities of
the source parameters. Its spectral index is the same as that of the
emission coefficiency given by (13):

§ =d=0.90y - 1.22 (19)

From (10) and (19) we can get the relations between the spectral indices
of optically-thin MW and HX emissions for the two models, respectively:

Model I: 8 0.90y - 1.67 or Y 1.116 + 1.86 (20.a)

Model II: § 1.116 - 0.14 (20.b)

0.90y + 0.13 or ¥y
which are valid for both homogeneous and inhomogeneous sources.

For comparison, let's see the behavior of the optically-thin MW
spectrum in the thermal model. For a thermal source with temperatures
of >10®-10" K, both analytical derivation and numerical analysis (Matzler
1978 and Dulk et al., 1979) shows that the optically-thin thermal gyro-
synchrotron spectrum produced by the mildly~relativistic thermal electrons
is very steep, typically with a spectral index of ~7 or 8. But for a
typical HX spectral index of y = 4, the corresponding optically-thin MW
spectral index is § = 2.38 and § = 3.74 for Model I and Model II, respec-—
tively. Observations obviously support the nonthermal models. The statis-
tical results of Das and Das Gupta (1983) show that usually the index § is
between ~0.5 and 3 and the mean value for 20 events is 1.05. 1In Table 2
the mean value of § is 1.49 for 11 events. It can be seen from the above
discussion that no thermal model can explain such hard MW spectra.

We can conclude from (20) that, if both MW and HX emissions are
produced by the same population of electrons or by the electrons with
the same distribution in energy, there should be a definite relation
between the two kinds of emissions. Benz (1977) noticed such a relation.
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But instead of (19) he wused the highly relativistic approximation
§ =(a-1)/2=(y-3/2)/2

(for the trap case) to explain the spectral correlations observed
during two outstanding flares. For electrons with energies of >100 keV,
the highly relativistic approximation is not suitable.

We plot a 8-y correlation diagram in Figure 2 by using the data
in Table 3. Although the observational data points are relatively few,
we can see from Figure 2 that there is a relationship between § and Y.
The following conclusions can be made from Figure 2: (a) Usually the
nonthermal models, especially the nonthermal trap model (Model I), can
explain the relation between the two kinds of spectral index for most
of the impulsive events. (b) It is not excluded that the highly relativ—
istic electrons may make a relative contribution to the high frequency
MW spectrum. Some observations of the continuous Yy-ray spectrum sup-
port such a possibility. (c) MW, especially high frequency MW, emissions
mainly come from energetic electrons with energies of E > 100-300 keV.
keV.

v R.2
/
RA c///MJ
5.0 /
/ O
s> 15
&
40} .2
3.0
9
251 O | — 0
o V 3.0

Figure 2: 8-Y correlation diagram. Dotted circles is for the HX spec-
tral indices in the low energy range in double-powerlaw fit
events. The small square is for the main values of § and ¥y
given in Table 2. The lines M.l and M.2 are the theoretical
correlation curves predicted by Model I and II (according to
(20)), and R.1 and R.2 are for the high-relativistic approx-
imation: 6§ = (a-1)/2, a is given by (10).
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Table 3

Table 3. Spectral indices of optically-thin MW and HX emissions. Ag is
the energy range for observation. The double-power-law fit
parameters are given when it is appropriate.

Event MW Spectrum HX Spectrum
No.
fu 8 Y Ae(keV) Y! Ae'(keV)
6 9.4 1.22 4.6 20-200
8 9.4 1.27 3.2 20-400
9 9.4 0.5 2.55 20-350
10 17 2.3 3.70 20-120 4.71 »120
11 17 1.2 (1.50) (<69) 3.10 269
13 19 0.9 3.1 230
14 19 1.2 3.0 >30
15 9.4 2.8 4,1 20-300 4.9 300-600

4, Application of Nonthermal Models to HX and MW Bursts

Now we use Model I and II discussed above to estimate the para-
meters of flare sources. To relate the observational quantities to
source parameters, we extend the optically-thick MW spectrum to f=f
(taking tf = © and £ = £, in (17)) and write

F. =F (f.) = 4.49%100°20% ¢4, 2p7%3; ™ (21)

H H " H H
where m= 2 + x3 = 2.5 + 0.085¢a (22)
and £ =f = 35,9%10 0+ 2lo(gin0) X4 (NL) X1 p%2 (23)

n peak

For an event with observed parametes (A,Y) and (fu,F ), we can solve the
source parameters (N,a) and (B,L) from equations (8) (10) (21) (23) in
Model II. In Model I, the emission measure is determined by the HX
spectral coefficient A through (7). But since another source parameter
No is added in Model I, we introduce a new paremater H = N/10No, and
the source parameters can be solved from equations (7) (10) (21) (23)
for any given value of H.

Considering the first order of approximation in our simple models,
we take O = 45° in the following calculations. The calculated results
are given in Table 4 and 5. The results show: (a) Although we used the
simplest nonthermal models, we can get good estimates of the burst
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The observed quantities of the MW and HX spectra and

Model I for two H values.

Table

4

the source parameters calculated in

No. |MW Spectrum HX Spectrum Source Parameters Source Parameters
with H = 0.001 with H = 0.01
£, F, Y A B L N N, B L N N, &
1 17 335 (3.2) (0.003) 10.67 0.87 0.013 1.26 7.27 0.76 0.049 0.49 0.011
2 17 211 3.6 0.097 8.56 0.71 0.055 5.49 5.98 0.62 0.21 2.13 0.11
3 15.4 52 3.0) (0.002) 7.20 0.32 0.061 6.06 4.84 0.28 0.24 2.37 0.013
6 12 360 4.6 8.5 7.79 1.90 0.028 2.77 5.79 1.67 0.106 1.06 0.526
7 7.5 6000 3.2 0.07 3.10 7.20 0.0026 0.257 2.11 6.26 0.010 0.10 0.247
8 11 3300 2.55 0.06 2.37 2.48 0.03 3.02 1.55 2.15 0.118 1.18 1.39
10 14 2500 3.70 1.3 6.10 2.88 0.021 2.13 4.29 2.52 0.083 0.83 1.08
11 17 1000 3.10 0.38 4,71 1.09 0.116 11.7 3.19 0.95 0.48 4,56 1.79
15 12 8000 4.1 3.4 7.02 7.49 0.0046 0.46 5.06 6.57 0.18 0.18 0.894
mean 6.42 2.77 0.0037 3.66 4.45 2.42 0.l14 1.4 0.67
Table 5
The observed quantities of the MW and HX spectra and the source parameters
calculated in Model II.
No. MW Spectrum HX Spectrum Source Parameters
£y Fy Y A B L N Ty
1 17 335 (3.2) (0.003) 21.3 2.04 3.66x10_4 0.26
2 17 211 3.6 0.097 14.4 1.52 8.30x1073 0.29
3 15.4 52 3.0 (0.002) 15.1 0.75 2.76x1073 0.36
6 12 360 4.6 8.5 12.3 4.12  8.40x1073 0.14
8 7.5 6000 3.2 0.07 7.76 18.0 1.09x10™% 0.31
9 11 3300 2.55 0.06 5.94 5.72  3.61x1073 0.77
10 14 2500 3.70 1.3 10.5 6.17 5.35x10—3 0.31
11 17 1000 3.10 0.38 8.28 2.25 4.71x10_2 0.63
15 12 8000 4,1 3.4 12.1 16.6 7.27x10" 0.19
mean 12.0  6.35 8.52x107>  0.35
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source parameters. (b) Comparing the results in Table 4 and 5, it can be
seen that the source parameters derived in the trap model (Model 1I)
are more reasonable than those derived in the precipitation model
(Model II), since it seems not possible that the magnetic field in the
corona is stronger than 1000 G. This tends to support the trap model
and is consistent with the conclusion from the above analyses of spectral
correlation. But the strong magnetic fields of 800-2000 G calculated
in Model 1II suggest that, in the freely precipitating thick-target
model the position of MW source should be near the foot of the magnetic
loop or loops, where the magnetic field is much stronger than that at
the top of the loop. (c¢) Comparing the results for different H values in
Table 4, we find that in the magnetic region where the emitting electrons
are trapped, the ratio of nonthermal electrons to medium electrons, H,
may have very different values for different events.

IV. Time Delays of MW and HX Bursts

Observations with high time resolution have shown that there are
delays between the time structures of different kinds of emission. We
will give a simple explanation for these delays

1. Characters of Time Delays

Some data about the delays was given in Table 2. It can be seen
that, for most of the events HX precedes MW. The time difference is
from a few hundreds of milliseconds to tens of seconds. The high
frequency MW ususally precedes the low frequency MW and the low energy
HX precedes the high ‘energy HX. All these may be taken as the regular
pattern of the delays. But there also exist some unusual delay patterns,
such as event No. 3 and No. 9 in Table 2.

Morphologically, the time delays can be divided into three kinds;
(a) "profile delay”, i.e. the time profiles of the two kinds of emission
show a systematic shift; (b) "peak delay”, i.e. both of the emissions
start to rise at nearly the same time but the times for them to reach
the maximum are different; (c¢) "start-time delay”, i.e. both of the
emissions peak at the same time but with different start times. Dif-
ferent kinds of delays may correspond to different mechanisms in the
emission source.

2. Explanation of the Time Delays

Both the frequency-dependent and energy-dependent delays are the
manifestations of the temporal evolution of emission spectra (Ref. e.g.,
Takakura et al. 1983). In a nonthermal model the evolution of the
emission spectrum corresponds to that of the electron spectrum. The
usual pattern of the spectral evolution of HX emission is "soft-hard-
soft” and the spectrum is hardest at the time of peak flux. But some
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events show continuous hardening in HX spectrum after the peak flux is
reached.

Having carefully investigated the relationship between the spec-
tral evolution and time delays, we find that: if the HX spectrum is
hardest at the peak time, there is no time delay longer than a sécond
between HX and MW; for events with long HX to MW delay (longer than a
few seconds), the HX spectrum continues to harden after the peak.

According to the above discussions, we know that MW, especially
the high frequency MW emissions (in the optically-thin part), are mainly
contributed by the electrons with energies of E>100-300 keV. The
hardening of the HX spectrum reflects the hardening of electron spec-
trum. Under certain conditions, there may be a case where the total
number of nonthermal electrons (with EDE,) 1is decreasing but the
number of the electrons with higher energies (e.g. with E>100 keV) 1is
increasing. This can cause the peak delay of MW relative to HX and
the energy-dependent delay of HX. The continuous hardening of the HX
spectrum after the maximum time of the event may correspond to the
energy—dependent life time of electrons trapped in the magnetic loop
(Enome 1982) or to second-step acceleration during the impulsive phase.

To see the actual relation between time delay and the evolution
of electron spectrum, we use Model I to make a quantitative analysis.

We choose event No. 2 for our analysis. In Table 4 we choose the
parameter values corresponding to H = 0.1% for the following calcula-
tion. Suppose that the source parameters L, N and B are constants
during the lifetime of the event and the acceleration process rises
and decays with exponentially according to the following expressions:

N(t)

N*exp((t-tp)/tg)) for t<ty (24)

N*exp((tp-t)/tg2) for tdty

where ty is the maximum (peak) time of the event (when the nonthermal
electron number reaches maximum) and tg;, tgz are the characteristic
times for the rising and the decay phase respectively. To simplify the
calculation we take tp = 2ty; and assume two cases for the decay phase
as illustrated in Figure 4,

(a): tgp = tg] = 4s

I

(b): tp2 = to1/2 = 4s
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Figure 3. The time profiles of the HX flux is the energy range 28-55 keV and 9.4 and 17 GHz MW flux,
copied from the Crannell et al. (1978).

The time evolution of the HX spectral index a(t) is plotted in Figure 4.
We also assumed two cases to correpond to that of N(t). In both cases
the minimum time of a(t) is delayed from tn by several seconds but with
no softening in case (b). By introducing the time evolution of N(t) and
a(t), we can calculate the time profiles of HX and MW emissions. The
calculated profiles are illustrated in Figure 5a and 5b corresponding to
case (a) and (b) in Figure 4, respectively. The MW flux was calculated
for two frequencies of 9.4 and 17 GHz and the HX photon flux is given for
a photon energy of € = 41.5 keV, which is the logarithmic middle energy of
the second channel of the HX spectrometer on 0S0-5 (ref. Crannell et al.
1978).

Thus, it can be seen that the HX to MW delay can be explained very
well in the present model (comparing Figure 3 and Figure 5). The longer
delay of low frequency MW (e.g. 9.4 GHz) emission is probably caused by
the expansion of the optically-thick emission source. The energy-depen-
dent delay of HX can also be explained in this model. It is interesting
that the rare "reversed” delay (with MW preceding HX, such as event No. 3
and No. 9) could be easily explained if we reverse the time axes in
Figure 4 and Figure 5. The physical meaning of this reverse may be that
the second-step acceleration ceases before the maximum time of the event.
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N(t) |
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0.10

Figure 4. The supposed time evolution of the nonthermal electron
spectrum in event No. 2. N(t) is determined by (24) and
(25). of(t) (then y(t)) is inferred from the data
given by Crannell et al. (1978, Figure 12).
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MW flux at 9.4 and 17 GHz, corresponding to case (a) in

Figure 4, with a symmetric time profile of N(t).
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V. Conclusions and Discussions

Starting with the systematic analysis of the spectra of the impulsive
MW and HX bursts, we investigated the correlation of the spectral indices
and found a possible way to distinguish between the thermal and nonther-
mal models. Comparisons of the theoretical results with the observations
show that only the nonthermal models can explain the optically-~thin MW
spectrum and its relation to the HX spectrum. The results suggest that
both the impulsive HX and MW bursts are produced by the same population
of nonthermal electrons accelerated during the impulsive phase. The
relative time delays of HX and MW can be explained consistently in a
magnetic trap model if only the hardening of the electron spectrum is
considered.

All the discussions above are simplified and the results are pre-
liminary. We should have more data to plot the 8-y correlation diagram
and construct the model in more detail. 1In Figure 2 the 8-y correl-
ation is for different events. It would be obviously of great signifi-
cance to analyse the 6-y correlation during the 1lifetime of one event
(or during its impulsive phase). But it is not easy to get the simultan-
eous HX and high-frequency MW spectral data.
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HARD X-RAY IMAGING OBSERVATION OF FLUCTUATING BURSTS
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Measurement has been done to obtain one-dimensional sizes of rapidly
fluctuating bursts with fast spikes whose rise times are typically about
one second, and in some extreme cases less than 0.1 seconds. The results of
two bursts with fast spikes are presented here. One has a soft spectrunm,
and the other has a very hard spectrum. The measured one-dimensional size
of both events indicates relatively a small size and simple structure. We
can say, however, the source size is not so small as expected from its
rapid time variations. Therefore, a thermal explanation of these bursts
seems to be excluded.

1. Introduction

Among various electromagnetic radiations, the hard X-ray shows most
complex temporal variations during the impulsive phase of flares as well as
radio waves. This fact may simply indicate that both type of radiations
come from most violently activated regions in the flare or the vicinity of
them where energy 1is created from the nearby magnetic field. Then, a
question may be naturally raised what causes the short time fluctuations.
Do they indicate many different loops flaring up successively, or the
repeated activations within the same loop?

It takes about 8 seconds to obtain two-dimensional flare images with
the hard X-ray imaging telescope aboard the Hinotori (hereafter called
SXT). However, if we restrict ourselves within one dimensional scan images,
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the temporal resolution to make a single scan image is only about 100
milliseconds depending on the position angle of the scan. So,hard X-ray
source location, size, and their time variation up to 100 millisec can be
observed by using this one dimensional scan data.

2. Data Selection

To obtain the one-dimensional size of hard X-ray events with fast
spikes, we searched for relatively intense events which contain at least
several spikes with a total duration of well less than one second.

Another criterion of event selection is that the events should have
fast spikes even in the lowest energy channel of the hard X-ray spec-
trometer, usually at 17 - 40 keV, because the SXT always observed at this
energy range. Many hard X-ray bursts observed with the Hinotori show rather
slow and broad spikes in the lowest energy channel in spite of fast and
sharp spikes in the higher energies. Even in the case where fast spikes
exist in the lowest channel, they are usually embedded in the gradual
components, and the flux due to fast spikes seems relatively small as com-
pared with those due to the gradual ones. Therefore we intentionally
searched for those events in which the fast spike components constitute the
major part of the total flux in the lowest energy channel.

Two typical events with such characteristics as above are found in the
events of March, 1981. Mar 21 and Mar 24 event seem to be very similar in
their appearance of the time history of the lowest channel. But the spec-
tral characteristics of the two events are very different each other. Mar
21 event has a very hard spectrum, while Mar 24 has a rather soft one. In
other words, these two events would show two extreme examples among similar
events with fast spikes. Therefore, we will exclusively analyze these two
events in this paper.

3. Method of Data Analysis

As indicated in Makishima(1982), the telescope SXT has the intrinsic
roundness of the triangular beam pattern which is less than seven arcsec.
Pre-launch calibration data also show five arcsec for the roundness of the
beam pattern. Therefore, it would not be so implausible to start from a
rigorous triangular pattern to analyze the one-dimensional data , if our
goal of this analysis is restricted to 10 arcsec for the minimum detectable
size of the hard X-ray sources.

Then, first we assume a triangular shape with FWHM of 28 arcsec as the
SXT 2 (the name of the two SXT collimators) beam pattern. Second, we assume
a gaussian profile as the structure of a single source. Then, the convolu-
tion between the triangular beam pattern and the gaussian profile of the
source will give a calculated pattern after the transmission through an

ideal collimator to be compared with the observed one-dimensional scan
data.
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Figure 1 shows the relationship
between the FWHM of the assumed o
gaussian profile and the FWHM after
convolution calculation described
above. We can easily obtain the one-
dimensional size by measuring the 3°I
FWHM of the observed one-dimensional
scan curve and by comparing it to
the calculated FWHM in Figure 1, as
far as the assumption of the gaus-
sian profile is not so absurd.

40 |-

T
FWHM of Calculated Curve (arcsec)

4.1. March 24, 1981 Event

In Figure 2(a), time histories
of four energy bands are shown.
Although this event has a moderate
count rate at the 1lowest energy
channel, the count rate at the third |
channel is very small and the high- P of Caussian (srciec)
est channel shows almost no increase "o u!rs z:%s :sl.zs 47l.o
above the back-ground level, indi-

cating a fairly soft spectrum of
Fig.l. The relationship between the FWHM of the

this e‘_’ent' . . assumed gaussian profile and the FWHM of the
Figure 3 shows a detail time calculated scan curve.

history with 0.125 sec temporal res-

olution and three examples of FWHM

fitting of one-dimensional scan data.

For comparison, the first scan data are accompanied by a standard scan
profile taken from October 12, 1981 event which has an excellent single
point source with the smallest size we have ever observed, with two-dimen-
sional images for this event being obtained because this event has a smooth
and gradual time variation. Generally, the March 24 event consists of a
relatively small single source throughout the event. Exceptionally, a halo
component is seen in the early phase of the event as can be seen in Figure
3(al), though the brightness of this halo is less than 10 % of the main
source. The measured FWHM sizes of the main source at various times are
summarized in Table 1.

4.2. March 21,1981 Event

This event has the main source with larger size than March 24 event as
shown in Figure 4. Especially, in the first half of the event, it contains
intense halo components or some secondary weaker sources. Any way, it has a
complex spatial structure. It should be noted here that a clear secondary
source can be seen in a early phase of this first half period as shown in
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one-dimensional scan curves of March 24,1981 event. Resultant gaussian

' FWHM derived from the measurement of the observed FWHM after fitting to
the curve in Figure 1 is illustrated in each scan data. The observation
times and other data for each scan is summarized in Table 1.
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Fig.4. This is similar to Figure 3 but for the March 21,

1981 event. Above

the scan data Bl, a standard scan data from October 12, 1981 event is il-
lustrated in upside-down position just for comparison. Note that all the
observed FWHM of this event are larger than that of this standard scan

data.

116




( continued )
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Fig.4 (continued) This again is similar to Figure 3. The bottom scan curve
Cl is illustrated to show a small secondary source which is indicated by
the thick arrow in the Figure. This scan data is specially given in two
phases of scan in order to show the secondary source clearly.
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Figure 4(Cl). The spatial separation between this secondary source and the
main source is as large as about one arcmin. Even in the second half, this
event has a fairly large sized main source. The variation of the source
sizes and the observed times are again summarized in Table 1.

Table 1. Summary of Observation

Date of Event | Scan| Obs.Time | Obs.FWHM | FWHM(arcsec)
No. (arcsec) | (gaussian)
Al 17:37:13 35.9 20.9

MAR 24,1981 A2 17:37:25 34.7 18.3
A3 17:37:39 37.8 24.2
B1 16:12:24 42.1 31.0
B2 16:12:26 49.5 40.9
B3 16:13:04 35.9 20.9

MAR 21,1981 B4 16:13:12 40.2 28.2
BS 16:13:13 38.4 25.4
B6 16:13:15 40.9 29.1
C1 16:12:19 e _—

5. Discussion

Many hard X-ray images of impulsive bursts has been already published.
Among them, some images of spiky events were included, which showed rela-
tively small and simple structures. For examples, two impulsive events on
September 7, 1981 showed a small single source (Takakura et al. 1983).
August 10, 1981 event alsc had a small source (Ohki et al. 1983).

However, we have had not hard X-ray images of rapidly fluctuating
events composed of very fast spikes with total durations less than one sec-
ond, since we can not reconstruct two-dimensional images for such events.
About 8 seconds steady data are basically needed to obtain a two-
dimensional image. Therefore, in this paper, we sought to have only one-di-
mensional informations of some fast spike events.

The observational results show relatively small single sources, in the
case of March 24 event. One-dimensional sizes of March 21 event, however,
show rather moderately sized, somewhat complex sources. The sizes are
always larger than 20 arcsec, that is, more than 15000 km on the solar sur-
face. If this size indicates the length of the flaring loop, 20 keV elec-
trons take approximately 0.2 second to run through the entire loop. Since
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the energy generating region within the loop is localized in various flare
models, a sharp spike with a rising time less than 0.1 second can not have
a source size larger than 7500 km, that is, 10 arcsec.

If we take a thermally heated model for the fast spike burst, since
the speed of heat conduction front is far less than the speed of 20 keV
electrons, more difficulties would arise to be reconciled with the observed
rapid time variations which should be originated from the 20 arcsec loop.
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PRECEDING PAGE

High time resolution (8, 32, and 128 msec) hard X-ray rates with good
counting statistics (up to >25,000 counts/sec) over 5 energy intervals (22-33,
33-60, 60-120, 120-235, and >235 keV) were obtained using a large area
(300 cmz) bailoon—borne scintillation detector during the 27 June 1980 solar
flare. The impulsive phase of the flare in comprised of a series of major
bursts of several to several tens of seconds long. Superimposed on these

longer bursts are numerous smaller ~ .5-1 second spikes.

The time profiles for different energies were cross-correlated for the
major bursts. Below 120 keV, the bursts reached simultaneous peaks. Six of

the bursts show ~ .5~2 second delays in the peaks above 120 keV. These six

peaks cover over two minutes at the maximum of the impulsive phase.

The rapid burst decay rates and the simultaneous peaks below 120 keV both
indicate a rapid electron energy loss process. Thus, the flux profiles
reflect the electron acceleration/injection process. The delays could result
from a second-step acceleration wherein the initial fast electron burst acts
as a trigger or as a seed population.

The fast rate data (22-33, 33-60, and 60-120 keV) was obtained by a
burst memory in 8 and 32 msec resolution over the entire main impulsive
phase. We will cross-correlate these rates to look for short time delays and
to find rapid fluctuations (<100 msec). However, a cursory examination shows
that almost all fluctuations, down to the 5X 1level, are resolved with

256 msec bins.
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A selection of short lived (£102s) small soft X-ray bursts is studied
using data from HXIS.and the results are compared with data from HXRBS with
a view to understanding conditions at the onset of flares. Short-lived events
provide an opportunity to study the radiation from the primary energy transfer
process without confusion from the slowly-varying thermal X-ray emission which
characterizes the decay of a large flare. The fast decay of the soft
X-rays. only a few tens of seconds. suggests that they occur in the dense
chromosphere. rather than in the corona. but this is of course a selection

effect. The results indicate that the short events may be signatures of
several different phenomena., depending on their characteristics. Some
events occur in association with reverse—drift type Ill bursts and simultaneous

flaring elsewhere on the Sun. thus suggesting dumping of particles accelerated
at a remote site. Some events have hard X-ray bursts and normal type Il
bursts associated with them., while others have neither. The latter events
place strong constraints on the non-thermal electron population present.

Intro tion

There have recently been a number of analyses of solar Jlare phenomena
which are characterized by a short. hard X-ray spike lasting 210%s. (Crannell
et al. 1978, Wiehi and Desai.1983. Batchelor et al.1984). Part of the motivation
for such studies is to understand (a) where in the solar atmosphere the X-rays
are produced. (b) the X-ray production mechanism -thermal or non-thermal
bremsstrahlung.and (c) the origin of the charged particies which carry the
energy to power the flare. It has long been assumed that these particles are
electrons. However. Simnett (1985) has argued that an energetically-dominant
non-thermal ion population might be better able to explain a wider variety of
flare phenomena than an energetically-dominant electron population.

With the advent of comprehensive data from recent spacecraft we believe
progress can be made in understanding the above topics. Simple events should
be easier to interpret than large. complex events., despite the relativity weak
signals from some of the former. The large events are almost certainly a
combination of two effects. the impulsive deposition of energy to give
the short hard X-ray burst followed by ablation of heated chromospheric plasma
into the corona. X-ray emission from this material in a typical large flare confuses
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any attempt to Iisolate the radiation from the primary energy transfer process.
In this paper we study a selection of short-lived soft X-ray events seen in 1980
by the Hard X-ray imaging Spectrometer (HXIS) (van Beek et al (1980)) on the
Solar Maximum Mission (SMM). We discuss them in the context of the 727
keV X-ray burst seen by the Hard X-ray Burst Spectrometer (HXRBS) (Orwig et
al. 1980) .also on SMM. and take Iinto account simultaneous ground-based H,
and radio observations.

The X-ray emission is either thermal or non-thermal bremsstrahlung. or a
combination of both. Non-thermal bremsstrahlung would naturally come from
non-thermal electrons and rapid fluctuations of hard X-rays (>28 keV) are
readily explained by modulation of the electron source. The spectrum radiated
by such electrons will extend to the soft X-ray region («3.5 keV). However,
the majority of the soft X—-rays have generally been assumed to reflect a thermal
origin in plasma heated by the primary energy carriers, be they electrons or
ions. If the radiation is thermal., then the very rapid decays (<{<1s above 28
keV) are more difficult to understand. although the soft X-ray variations such as
those reported here may be reasonable if the radiating region is in the
chromosphere. The main problem with a rapidly declining thermal source is the
cooling mechanism and for this reason it is unlikely that the X-ray source can
be in the corona. where cooling times are longer than the time scales
discussed here. Analysis of the events presented in this paper should have a
direct bearing on these points.

Th rvation

We have earlier presented observations of rapid soft X-ray flares (Simnett
and Dennis, 1985) . Figure 1 shows an example of the most rapid soft X-ray spike
HXIS observed. on 1980, July 10 at 01: 50 UT.which lasted {30s. The lower panel
of Figure 1 shows an expansion of 40s of data from HXRBS where the accumulation
periods for the two HXIS data points above background are shown in black. It is
probable that the soft X-ray onset was no earlier than 01:50: 18UT and that the
intensity returned to background by 01:50:37 UT. From comparison of other fast
events. the soft X-ray maximum may be reached just before the hard X-ray
maximum. Under these assumptions the soft X-ray amplitude would be 50%-100%
higher than plotted and the total width would be =19s. The event was compact.
imaged below the 8" x 8" resolution of HXIS, but on the limb. It was accompanied
by a type Il radio burst.

Figure 2 shows an example of an event with no hard X-ray. microwave.
decimetric or metric emission. The clean fast decay event occurred at 07:07:46
UT on 1980, July 7 and the Iintensity—-time history of 3.5-8.0 keV X-rays from
four 8" x 8" HXIS pixels is shown in the upper right panel. The 3.5-5. 5keV
X-ray image of this event is shown in the lower panel. The left panels in Figure
2 show a similar, but more complex event, which occurred a few minutes earlier
from a point approximately 14"E and 2"N of the former event. The active region
being studied was then at N28 W48, but there was no reported H, emission.
(Unless otherwise acknowledged. ground based observations are from “Solar

Geophysical Data", U.S. Dept.of Commerce. Boulder.CO.). At this position
on the Sun. the observed separation of the two events corresponds to =1.5 x
104Kkm. Ten minutes later at 07:18 UT another small event occurred
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T where the emission was in a band

1 3.5-80 HXIS | joining the bright points shown in Figure
keV 2. One interpretation is that there is a
3r 1 magnetic loop linking these points and

that the events Iin Figure 2 occur at
opposite ends. There may even be small
ol ] unresolved loops at these points which
contain the bulk of the X-ray emitting
- . plasma: the overlying loop would then
be energized by the event at 07:18 UT.
We stress then none of these events
produced any detected hard X-ray or
radio emission.

Some fast spikes occur when there is
activity from a remote region. Figure 3
shows the intensity—time history of 16-30
keV (upper paneld) and 3.5-5.5 keV
(lower panel) X-rays from HXIS for the
period 10:09 UT-10:20 UT on 1980. July
7. The feature of interest is the soft
X-ray spike superimposed on the decay
of the first event, which aiso had a hard
X-ray burst reaching 280 «¢/s and
extending to over 100 keV (shown

INTENSITY - COUNTS/S

] ] hatched) . The emission from HXRBS
o = corresponding to the wearlier. 10:14 UT
05000 015020 5040 event is not shown. If we assume the

UT. JULY10 1980 soft X-ray emission associated with the
spike to be that above the heavy solid

Fig.1 The short soft X-ray line drawn on the decay of the 3.5-5.5
spike on 1980 July 10. The keV X-rays. then the duration of the
hard X-ray intensity is shown spike Is 85s. Aithough there was
expanded in the lower panel. microwave emission reported throughout

the period covered by Figure 3. the
maximum intensity at 9.1 GHz was at 10:17:48 UT, coincident with the spike.
The spectrum of the burst is hard. as it is remarkable that such a weak event
in soft X-rays would be detectable by HXIS above background in the 16-30 keV
energy band. There was a 1N H, flare reported from Hale region 16955, then
at N29 W50, from 10:05 UT t010.23UT. with a maximum at 10:15 UT. This
was the region studied by HXIS. However.there was another 1IN H, flare from
10: 10 UT to 10:33 UT., with a maximum at 10:18 UT. from a region at N21
EA4, There was also a reverse drift metric type ill burst (A.O. Benz, private
communication) at 10.17 UT which did not extend in frequency above 400 MHz.
This would correspond to an electron density of 2 x 10°cm™2 if the emission is
at the plasma frequency. In the quiet Sun such densities are typically found at
the top of the chromosphere or the base of the corona. (Vernazza et al, 1981)
although during activity the altitude may be somewhat higher. The short spike
was imaged a few arc-seconds to the southwest of the brightest point of the
earlier, decaying flare. The data are consistent with an electron beam
escaping from the easterly region and impacting the (presumably) density
enhanced corona above region 16955. A similar event on 1980,June 24, was
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Fig.2 The fast events with no Fig.3 The X-ray spike superimposed
hard X-ray emission from weli- on the decay of an earlier event

separated points.

reported by Simnett et al (1984) although in this instance both active regions
were visible to HXIS.

We have assumed the spike is superimposed on an undisturbed.
decaying background from the earlier flare. If this is correct.then the site of
the spike and the site of the decaying flare must be physicaily separate. and
not in good thermal contact. This either points to a vertical separation in
the solar atmosphere. or to the existence of structures well below the 8" x 8"
resolution of HXIS. If the spike is non-thermal bremsstrahiung from
precipitating electrons which do not penetrate the 400 MHz plasma level (or
the 200 MHz plasma level if the emission is at the second harmonic) then
the former explanation would be consistent with the data.

Figure 4a.b. shows the 3.5-8.0 keV X-ray intensity—-time history for two
isolated events. The FW 1/10M are 106s and 152s respectively. but they
both have weak. long decays. Both are associated with hard X-ray bursts
extending above 100 keV seen by HXRBS. That on 1980 September 26
started at 10:37:40 UT. reached a peak intensity of 349 c/s at 10:37:50 UT,
and lasted 50s. That on 1980.July 10 reached a peak intensity of 535 c/s
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Fig.4 (a) The fast event on 1980 September 26 (b) The fast event

of 1980 July 10

at 03:56:55UT, slightly after the peak in soft X-rays.

The September 26 event was accompanied by a microwave burst which
started at 10:37:30 UT and reached a maximum of 34 x IO‘Jy. at 19.6
GHz. at 10:37:48 UT. At this time HXIS was studying Hale region 17145,
then at N17 WS56. There was no optical flare reported from this region. but
there was a -F H, flare from region 17167. then at S19 E44. which reached
maximum brightness at 10:37 UT. There was metric radio emission between
10:37:42 uT and 10:38:18 UT. including a reverse drift burst. The latter is
indicative of downward moving electrons. If we apply the same reasoning to
this event as we did to the event shown in Figure 3., then we might be
witnessing X-ray emission from particles accelerated at one site and
transferred to a remote site via the large scale coronal magnetic field. There
was no evidence of any X-rays >16 keV from HXIS in this event. Considering
the relative strengths of the events at 3.5-8.0 keV. and >28 keV for the
event and that shown in Figure 3. this Is surprising if all X-rays are coming
from the area imaged by HXIS. It would be more reasonable if some of the
hard X-ray burst seen by HXRBS was from a different region.

Figure 4b shows a much stronger event on 1980.July 10. There was a
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significant hard X-ray burst seen by HXIS., above 16 keV. capable of producing
a weak Image., yet the peak intensity seen by HXRBS was only 535 c/s.
Therefore. a comparison with the September 26 event shows either that the
X-ray spectra between the two events were very different or that the above

conclusion that some. or most, of the hard X-rays from the September 26 event

were from the east hemisphere flare is correct. There is an additional
unusual feature about this event in that the soft X-ray intensity is aiready
declining before the hard X-ray burst reaches maximum. The latter is very

structured. with three prominant peaks. the last being the most intense. This
event might be more consistent with other events., from spectral and temporal
considerations, if the last and longest hard X-ray spike were from a region not
imaged by HXIS. There was decimetric. metric and dekametric activity from
03:56-03: 57 UT but no reported H, flare.

The final event on 1980.July 11 at 05:31:30 UT is shown in Figure 5.
The soft X-ray enhancement coincident with the hard X-ray burst fell virtually
to background level before rising again for the small event at 05:33 UT. The
40s duration of the hard X-ray burst, which reached an intensity of 103 c/s
and extended to beyond 100 keV. is indicated by the cross—hatched box in
Figure 5. The 5.2 GHz microwave burst reached 8 x TO‘JY at 05:31:30
UT. essentially coincident with the hard X-ray burst maximum at 05:31:35 UT.
There was metric and decimetric type Ill activity from 05:31:30 UT-05:33 UT
(A. O.Benz. private communication).

This small event was from N20 ES55. associated with a —-N H, flare which
started at 05:32 UT and had a maximum at 05:34 UT. The initial soft X-ray
burst appears to be quite definitely associated with the hard X-ray burst, but yet
the following stronger soft X-ray emission has no corresponding hard X-rays.
The second burst is delayed long enough that any thermal effects of energy
deposition at the time of the hard X-ray burst must have dissipated.

We note that there was a 1F H, flare in progress at this time from S11
E83.with a maximum at 05:39: UT. In view of the associations discussed
above in relation to other events it is plausible that this event is also associated
with activity from a remote region. One might speculate that the first spike in
Figure 5 is non-thermai bremsstrahlung from electrons. while the later emission
is thermal X-rays from plasma heated by ions. If the distance travelled by the
particles is 8 x 10 '%m., consistent with the separation of the two flaring
regions, cf e observed delay of «80s between the first spike and the subsequent
soft X-ray emission may be accounted for by electrons of «30 keV and protons
of «400 keV.

Conclusions

The events discussed above provide a unique Insight into the
correspondence between hard and soft X-ray emission in solar events which are
not confused by large scale chromospheric ablation and its associated thermal
X-ray signature. We have focused on the features of the events which we
think provide good boundary conditions for a sound interpretation. The
interpretations we have made appear reasonable. but they are not meant to
exclude other explanations which match the boundary conditions. The soft X-ray
spikes are compact events, typically, but not always.below the 8" x 8" resolution
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HXIS. Some events. such as that on July 7 and on 1980.June 27 at 19.50
UT (Simnett and Dennis. 1985) had no reported radio activity at any wavelength.
This would argue against non-thermal electrons as the dominant energy carrier
in these events, especially as the hard X-ray intensity is also below the HXRBS
threshold. The rapid decay of the soft X-ray events is unlikely to be a signature
of hot plasma in the corona. Therefore we believe these events either take
place at the top of the chromosphere. or are non-thermal electron
bremsstrahiung. The very short spikes which occur in coincidence with hard
X-rays. such as those shown in Figure 1 and 5. are most likely examples of the
latter. Finally, we believe the events where (a) there is a reverse drift radio
burst and (b) simultaneous flaring from widely separated regions argues strongly
for a particle beam interpretaion. coupled with extensive magnetic coronal loops
linking the flaring regions: where in the large loop the energy release and
particle acceleration occur are open questions.
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RADIO AND MICROWAVE GROUP
SUMMARY OF DISCUSSIONS

Rapporteur: Arnold O. Benz

Institute for Astronomy, ETH
Zurich, Switzerland

Observers of solar flares in radio and microwaves have been confronted with rapid fluctuations
for a long time. In fact, most radio bursts show variations on the time scale of one second or less.
At long wavelengths (decimetric and longer) the radiation most often seems to consist of a sequence
of peaks rather than a modulated emission. There are two main reasons for the great abundance
of rapid fluctuations in radio and microwaves: The large collecting areas and high sensitivity
of the receivers lead to a signal to noise ratio which usually far exceeds measurements at other
wavelengths. Fluctuations, which also may exist, simply pass undetected in the noise at other
wavelengths. The second reason is physical. At wavelengths longer than about 10 cm the emission
process changes from incoherent synchrotron radiation to some coherent process. The cause of
emission is one of many possible instabilities of a non-thermal electron velocity distribution. The
limitation or saturation level of such instabilities is highly variable.

The group consisted of 2 distinct sets of people: observers at microwaves and observers at
longer waves. The first question addressed was: Are spikes seen in radio and microwaves
the same? G.D. Wells presented an example of National Geophysical Data Center archives data.
A. Benz showed first quantitative spectras of spikes at 0.3 - 1.0 GHz having bandwidths of 1.5 %
of the center frequency. K. Tapping discussed VLBI observations of a similar spike at 1.6 GHz
with a possible source dimension of about 40 km. M. Stahli has discovered a narrowband spike at
5.1 GHz of a few tenths of millisecond duration, the highest frequency ever. A theoretical paper
on millisecond spikes was presented by C.S. Li.

S. Enome and L. Orwig have studied the ratio of spike emission at 1 GHz to the hard X-ray
flux. They find the narrowband spikes to emit much more than the broadband spikes. A very likely
interpretation may be that the latter radiationis incoherent, i.e. synchrotron emission. Broadband
spikes are generally seen at high microwave frequencies. They last typically 1 second and generally
correlate well with hard X-rays. They have been discussed by E. Correia et al. in terms of inverse
Compton losses. K. Kai and H. Nakayima find positions of such broadband spikes at microwaves
to vary from peak to peak. P. Kaufmann and A.M. Zodi discussed ms-second structures at high
frequency microwaves which are not broadband. They seem to be a modulation of a background
or a fine structure of it. This is very different from the millisecond spikes at wavelengths longer
than 10 cm, which are individual bursts with no (or differently polarized) background.

The group concluded that:

1) narrowband spikes are generally observed around 1 GHz, but up to 5.2 GHz, and are to be
considered physically different from broadband spikes at higher frequency.
2) observations of bandwidths at all frequencies are of great importance.

The second topic concerned pulsations. They are observed as quasi—periodic fluctuations
in the whole radio and microwave region. T. Kosugi has found microwave pulsations correlating
with hard X-ray fluctuations. Pulsations at very high microwave frequencies were presented by P.
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Kaufmann. The discussion, however, revealed that the position of some of such microwave pulsa-
tions were not identical. Oscillating flux tube models, however, would predict a constant source
position. A. Benz presented metric radio oscillations (0.2 GHz) which were periodic and came
from the same source. It was concluded in a general discussion that only position measurements
can distinguish between real and apparent quasi—periodic pulsations.
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(Review)
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ABSTRACT

Radio spikes of a few to tens of milliseconds of the solar radio emission have recently seen
a surge of interest of theoreticians who are fascinated by their high brightness temperature of
up to 10!® K, their association with hard X-ray bursts, and a possibly very intimate relation to
electron acceleration. Their bandwidth and global distribution in frequency have quantitatively
been measured only recently. This review is intended to emphasize the considerable extend of
old and new observational knowledge which is hardly touched upon by theory. The wide range of
spike observations is summarized and brought into the perspective of recent models. It is concluded
that spikes yield a considerable potential for the diagnostics of energetic particles, their origin, and
history in astrophysical plasmas.

1. Introduction

Millisecond radio spikes are a rapidly growing field of solar radio astronomy. Although their
role and diagnostic capabilities for flare theory, nor even their emission mechanism are clear,
considerable progress in our understanding has been achieved over the last few years. Spikes
today are generally agreed to be a non-thermal, coherent emission closely connected with particle
acceleration and energy release in flares.

Radio bursts with durations of less than 100 ms have first been noted by Droge and Riemann
(1961) and Elgargy (1961). They have been studied by de Groot (1962), Elgargy (1962), and later
by Eckhoff (1966) and de Groot (1966). The first major articles on the subject did not appear
until Drége (1967) and Malville, Allen and Jansen (1967) summarized their observations. This
work was extended by de Groot (1970) and Tarnstrom and Philip (1972a,b). The pioneers used
various names for the new phenomenon: knots, pips, rain, flash bursts, etc. We will use the word
”spike” introduced by de Groot, which today is well established in the community, and restrict
it to narrowband peaks of less than 100 ms total duration. Note that in hard X-ray and high
frequency microwave data the same expression sometimes is used for entirely different phenomena
such as peaks with ten times or longer durations or tiny fluctuations of a background emission.

In the first decade of spike observations the observing frequencies were in the range from 200
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to 350 MHz. This was extended by more than an order of magnitude in both directions in the
following years. Barrow and Saunders (1972) have found spikes at 18 - 26 MHz associated with type
III radio bursts. Their observation, however, has never been confirmed by spectral measurements.
At microwaves, spikes were observed up to 1420 MHz by Drége (1967 and 1977), at 2650 and 2840
MHz by Slottje (1978) and Zhao and Yin (1982). They have recently been discovered up to 5200
MHz by Stahli and Magun (1986). These authors did not find spikes (as defined above) at higher
frequencies. It is clear today that spikes are most abundant in the decimetric range, i.e. from 300
to about 3000 MHz.

How many types of spikes are there? The report of Slottje (1978) of fully polarized spikes
in a microwave event at the time was considered evidence for a species of spikes entirely different
from the intermediately polarized kind at lower frequency. However, subsequent observations by
Slottje (1980) and Stahli and Magun (1986) of a larger set of spikes at microwaves showed that
the event was exceptional and the general polarization behaviour is similar to the one deduced by
Benz, Zlobec, and Jaeggi (1982) at 300 MHz. Secondly, spike emissions may have different origins
if they occur in different contexts as manifested by other radiations. Spikes have been found to
be associated with metric type I storms (Elgargy, 1962; Eckhoff, 1966), type III bursts (Elgargy
and Rgdberg, 1963; Tarnstrom and Philip, 1972b), and type IV events (Drége, 1961); Elgargy,
1961; de Groot, 1962, and later authors). Malville et al. (1967) measuring only total flux at
two frequencies could not find any difference between spikes and type I bursts except in duration.
Elgargy and Eckhoff (1966) noted a smooth transition from type I bursts to spikes and back during
a noise storm. However, spectrographic observations by de Groot (1970) demonstrated that spikes
associated with type III and type IV bursts preferentially occurred at higher frequencies than type
I bursts. Finally, Benz et al. (1982) found significant differences to type I bursts in polarization,
bandwidth, and spatial distribution on the solar disk. In conclusion, it seems that presently only
two species of spikes can safely be distinguished: spikes in noise storms at metric frequencies,
which seem to be identical to type I bursts except for their shorter duration, and ”real” spikes,
which extend to much higher frequencies and are associated with flares. This review concentrates
on the second kind. Whether it is a homogeneous set of phenomena or needs to be divided along
frequencies (such as decimetric vs. microwaves) or associated metric activity (type III vs. type
IV) needs to be investigated. Nevertheless, this review follows the rule that phenomena have to
be considered as manifestations of one type until shown to be different.

This article is the first summary of 25 years of spike research. The main emphasis is on a
complete discussion of observations and their theoretical implications. The theory of spike emission
is also briefly reviewed. The goal is to draw the attention of the larger community interested in
solar flares to the rapidly growing set of spike observations, and most of all to bridge the gap which
sometimes seems to separate theoreticians and observers.
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2. The Spike Phenomenon

2.1. Time Profile

The duration of spikes, orders of magnitude shorter than any other type of radio emission,
led to their discovery as soon as appropriate instruments were in operation. Early observations
are shown in Figure 1. Many authors have reported contradictory values for the duration of single
spikes. Limited instrumental resolution may explain some of the discrepancies. Other authors
emphasized extremely short values which were, however, exceptional cases. In addition there
seems to be a trend to shorter duration at higher frequencies noted already by Droge (1967) and
Tarnstrom and Philip (1972b).

-50+10~2"W/m?2Hz 30.1.63
-5 1420 MHz W
14.54.50 U.T.

.10-21 2
1075 WimHz Fig. 1: Full Disk radio observations (to-

-10 240 MHz tal flux vs. time) of a solar flare
: ;’ at different frequencies. Top:
_5 0 16.11.64 | 460 MHz Spikes superimposed on major
; ! type IV event in microwaves.

LWJ,;,I . &H}ML‘M,«!‘M MMMH(A Bottom: Spikes at 460 MHz

16. o7 50 U.T. associated with metric type III
-50 bursts at 240 MHz (from Droge,
Z10 1™, 1420 MHz 1967).

Considering only measurements with sufficient resolution, typical durations of single spikes
around 250 MHz are 50 - 100 ms (Drége, 1967, Benz et al., 1982). Barrow et al. (1984) measuring
with 0.3 ms resolution noted structure down to 5 ms. The typical duration decreases to 10 - 50
ms at 460 MHz and to 3 - 7 ms at 1420 MHz (Droge, 1967). It seems to be below 10 ms around
3000 MHz (Zhao and Yin, 1982; Stahli and Magun, 1986).

Tarnstrom and Philip noted that the duration of spikes is comparable to the electron-ion
collision time interactions,

0.18 T3/2
T nglnA (1)

(Zheleznyakov, 1970) assuming equal electron and ion temperature T. With In A ~ 11.2 and
for fundamental plasma emission
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where vgH . 18 the observing frequency in GHz. Several authors have derived upper limits on
the source size, requiring it to be smaller than the duration divided by the speed of light. In the
light of the above correlation of duration and collision frequency, it does not seem plausible that
the source size decreases with frequency. More likely is the duration determined by some collision
time, and the upper limit of the size derived from duration at high frequency is closest to the
actual dimension.

2.2. Spectrum

A better estimate of the source size can be derived from the bandwidth of single spikes. Early
spectras (e.g. de Groot, 1970) have already revealed that spikes are very narrow-banded. Reported
observations of the bandwidth vary between 0.5 and 15 MHz. They have been measured with vari-
ous methods and need to be considered with caution. Film recordings yield total bandwidth above
threshold. The measured values thus depend on peak flux minus threshold. The firstquantitative
spectra of spikes have been published only very recently (Benz, 1985). The half-power width at
practically instantaneous time is typically 10 MHz, or 1.5 %, at a center frequency of 600 MHz.
Figure 2 is an instructive comparison between spike and type III bursts in frequency and time.
This extremely narrow width is a powerful restriction on possible emission processes.

Fig. 2: Three-dimensional representation of spikes (front) and type III bursts (back): time increases
to the right (total of 4 seconds is shown). Frequency decreases with depth (370-250 MHz),
and flux is shown logarithmicallyin vertical direction. The data was recorded by the digital
spectrometer (IKARUS) in Zurich on 1980, September 24, 0731 UT.

136




ORIGINAL PAGE IS
OF POOR QUALITY

Spikes have escaped detection by routine film-recording spectrographs for a long time. For
this reason the total bandwidth of spike activity and the total number per event remained unclear.
Single frequency observations by Droge (1967) suggested total bandwidths of a few hundred MHz
for spike activity in typical events. This has been confirmed with the digital spectrometer in Zurich.
Using this instrument Benz (1985) has estimated the total-number of spikes per event between
8200 and more than 13200 in 4 rich spike events. The multitude of spikes is evident in Figure
2 showing the contrast between type III and spike bursts. Spikes associated with type IV bursts
may after some time of random occurrence arrange themselves to patterns in the frequency-time
plane, which may resemble broadband pulsations or parallel drifting bands (Kuijpers et al., 1981).
A global shift of spike activity from 3 GHz to < 1 GHz has been noted by Fu et al. (1983) in

the 1981, May 16 event. This may reflect a general shift of the spike sources to lower density and
possibly higher altitude.

2.3. Polarization

De Groot (1962), Chernov (1976, 1978) and Slottje (1978) reported ”strong” circular polar-
ization of spikes. More recent measurements (Slottje, 1980; Benz et al., 1982; Stihli and Magun,
1986; Nonino et al., 1986) agree that the polarization is generally higher than e.g. for type III
bursts, but it can vary from O to 100 %. It is interesting to note that these observers measured
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07:30:30 07:31:00
UNVERSAL TIME
Fig. 3: Calibrated spectrogram of impulsive phase of a flare on 1980 September 24 observed by the
digital spectrometer in Bleien (Zurich). Top: total flux. Bottom: polarization spectrum
of the same time interval showing separation of type III and spike bursts. Left circular
polarization is represented bright, right circular polarization dark, and zero polarization is
gray (from Benz and Kane, 1986).
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different frequencies (from 0.2 to 3.2 GHz) and associated with different metric activity (type
III and type IV). An example of a polarization measurement is shown in Fig. 3. For this rare case
the sense of polarization of the type III is opposite to the spikes. The polarization averaged over
many spike events is between 25 and 30 %. Surprisingly, the value does not vary between 0.238
GHz (Zurich and Trieste observations) and 3.2, resp. 5.2 GHz (unpublished Bern observations).

2.4. Position

The center-to-limb variation of the rate of occurrence of spikes has been investigated by
statistics on associated Ha flare positions. No longitudinal effect has been noted by Benz et al.
(1982) at 0.3 GHz and Stahli and Magun (1986) at 3.2 GHz. It may thus be concluded that
propagation effects do not play a major role in the spike process.

Only one direct measurement of the position of a spike event has been reported (Heyvaerts et
al., 1978). The sources were found separated from the associated type III bursts by about 1 arcmin.
Therefore it seems that not only the emission mechanisms of the two radiations are different, but
also the source environment.

3. Phenomena Associated with Spikes
The timing of spike emission in relation of the flare process is an important indicator for the
interpretation of spikes.
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Fig. 4: Correlation of frequency-averaged spike flux in the frequency band 580-640 MHz (middle)
with type III emission in the 250-310 MHz band (top) and HXR (bottom). The radio data
has been recorded with the Zurich digital spectrometer (IKARUS), the HXR observations

were made by HXRBS/SMM (from Benz, 1985).
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3.1. Other Radio Emissions

Spikes most frequently appear at times of type III bursts, the radio signature of electron
beams in the corona. Even with a modern film recording spectrograph spikes are observed near
the starting frequency of type III bursts in 10 % of all cases (Benz et al., 1982). They are generally
at higher frequency (and thus higher source density) than the associated type III bursts. Examples
of type III-spike associations are given in Figs. 2 - 4. Figure 4 shows a relatively close correlation
of the time variations. Details of type III and averaged spike emission sometimes, but not always,
correlate. Some examples of detailed correlation of single type III bursts with clusters of spikes
have been given by Benz et al. (1982). It seems very likely that spikes are caused by energetic
electrons or their acceleration process.

Karlicky (1984) has analyzed spikes in big outbursts (usually type II and IV). He finds the
spikes not always related to type III bursts. Some appeared shortly before the start of a type II
or another manifestation of mass ejection. Spikes generally occurred before pulsations, which have
been proposed to be caused by energetic particles trapped in magnetic loops. These observations
suggest that spike emission neither requires streaming, nor trapped particles.

Stahli and Magun (1986) find from single frequency measurements at 3.2 GHz that 10 % of all
events show temporal fine structure possibly caused by spikes. In agreement with Slottje (1978),
Zhao and Yin (1982) and others, they find the spike activity to generally occur in the rise and
maximum phase of the impulsive microwave (synchrotron) emission. An example of the phasing
of spikes in relation to the impulsive microwave emission is given in Fig. 5.

40- L

Fig. 5: Observation of spikes at 5.2
GHz by the Institute of Applied
Physics in Bern on 1982, Febru-
ary 10. The spikes are super-
posed on the smoother, impul-
sive synchrotron emission
(courtesy of M. Stahli).
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3.2. X-Ray Emission
Hard X-ray (HXR) emission originates from bremsstrahlung and provides reliable information
on the energy of fast electrons. Benz and Kane (1986) find enhanced X-ray emission above 26

keV in 71 % of well developed type III/spike events. All major spike events are accompanied
by enhanced HXR. Benz and Kane (1986) have noted that HXR emission associated with spikes
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tends to be more impulsive and shorter in duration than the average HXR burst. The correlation
of HXR and spikes can be very close as e.g. in Fig. 4. However, it is generally not as good and
reliable as between HXR and microwave emissions. The occurrence of spikes seems to require
additional conditions on the source or on the exciter. The occasionally close association of spikes
with impulsive HXR emission suggests that spikes are intimately related to the energization of
fast electrons. This is supported by the observed concentration of spikes in the rise and maximum
phase of HXR bursts (Benz and Kane, 1986), which is contrary to the timing of all other decimetric
emissions except type III. The understanding of spikes may thus yield information on the primary
energy release in flares.

Soft X-ray observations of the 1980 August 31 flares by Strong et al. (1984) yield preflare
densities with plasma frequencies in the range of the frequencies of the spikes observed later during
the flare (Benz, 1985). It is generally believed that spike emission occurs at a frequency which is
within a factor of two of the local plasma frequency. The observations then indicate that spikes
occur near the flare site before the density increase by evaporation of chromospheric material. If
shown to be generally true, the range of spikes in frequency would limit the density in the primary
energy release region to about 10° — 1011em=3.

If the spike sources were located in an isothermal atmosphere, the derived density range would
correspond to an extent of 5.5 scale heights or 550000 km at 2:10® K. The close correlation with hard
X-rays (known to originate mostly from < 2500 km, Kane, 1981) and the absence of drift in spike
clusters clearly exclude such a possibility. The spread of spike activity in the spectrum thus seems
to be caused by a density (or magnetic field) inhomogeneity other than gravitational. Compared
with the much smaller inhomogeneity observed in type III or U bursts, the inhomogeneity of spike
sources seems to be due to a gradient in perpendicular direction to the magnetic field which, in
addition, is steeper at higher frequency (lower altitude). Benz and Kane (1986) have concluded
that spikes emission (and thus acceleration) take place in a highly inhomogeneous region with
density variations of about one order of magnitude.

4. Theory

Recent observations at decimeter and microwave frequencies have shown that millisecond
spikes are a phenomenon associated with the impulsive phase of primary energy release in flares.
They often correlate with HXR and type III radio emission, both manifestations of 10 - 100 keV
electrons. Occasional absence of correlation has been interpreted in terms of unfavorable source
conditions (Benz and Kane, 1986): Type III emission requires electrons streaming on quasi-open
field lines, HXR have a high threshold for detection, and the conditions for spikes are unknown.
It is generally agreed today that spikes are signatures of energetic electrons.

4.1. Source Size and Brightness Temperature

Estimates of the source size of spikes yield small values and thus lead to enormous brightness
temperatures of spike radiation. They are a challenge to theory and have in the past attracted
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the attention of theoreticians. Upper limits based on duration may not be very meaningful, since
the duration seems to depend on frequency and decreases approximately with the mean collision
time (§ 2.1.). Estimates using the bandwidth seem to be more reliable. Let us assume that the
emission frequency depends on a characteristic frequency (such as the local plasma frequency or
gyrofrequency). The source dimension | of a spike is then determined by the scale length A of the
characteristic frequency and the bandwidth Aw of the spike:

If the natural width of the emission frequency cannot be neglected, equ. (3) only gives an
upper limit on the size. Quantitative measurements of all variables in equ. (3) yield ! < 200 km
(Benz, 1985). This is an order of magnitude smaller than the ”speed of light dimension” derived
from the duration of spikes at 600 MHz, but comparable to that upper limit at 3 GHz. It is
interesting to note that the source size derived from equ. (3) agrees with the possible observation
of a spike by VLBI technique yielding a diameter of approximately 50 km (Tapping et al., 1983).

With a diameter of 200 km and for a circular source the brightness temperature of spikes is
up to 105 K. Only coherent emission processes can reach such an intensity.

4.2. Emission Process

Early ideas on the emission mechanism included plasma emission and electron cyclotron emis-
sion and were based on analogies to other impulsive radio emissions (Malville et al., 1967; Tarn-
strom and Philip, 1972b). A plasma wave model was first presented by Zheleznyakov and Zaitsev
(1975). They proposed emission at the harmonic of Langmuir waves generated by unstabilized
electron beams. As soon as the ”gentle- beam” instability stabilizes, the beam emits ordinary type
III radiation. Chernov (1978) developed the model further and realized that such beams would
have to be small in size (500 km) and nearly monoenergetic. Although plasma emission is still used
today in modelling spike emission (Kuijpers et al., 1981, Karlicky, 1984) its predicted similarity
to type III emission contradicts the observations. Spikes have a much smaller intrinsic bandwidth,
higher polarization and, most of all, a 4 orders of magnitude higher brightness temperature. Spikes
probably have a different emission mechanism.

Langmuir waves may still be the cause of spikes. Their transformation into radio emission,
however, would have to be an extraordinary process (as examples we mention strong turbulence
or direct conversion on density gradients). A further possibility has been studied by Vlahos et al.
(1983) who considered the coherent wave-wave coupling of two antiparallel upper-hybrid waves.
The random initial phase and finite coherence length produce a spiky radio emission. This emission
process however still needs to be shown to agree with the wealth of observations summarized in
sections 2 and 3.

Cyclotron emission is today’s most favored process for spike radiation. Cyclotron waves grow
exponentially in loss-cone velocity distributions of electrons. Such a distribution may be the result
of trapping (or just one reflection) of energetic particles in magnetic mirrors. Of particular interest
is the cyclotron maser instability, in which electrons with velocity v are in resonance with transverse
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electromagnetic waves (w, k) if

w—aﬂe-—k“v“=0 (4)

where the index | is the component parallel to the magnetic field, s the harmonic number of
the wave, and 1. the relativistic electron gyrofrequency. Equation (4) describes the equality of
wave and particle gyrofrequency in the Doppler-shifted frame of the electron. The term ”maser”
was given to this instability, since it generally occurs for electron distributions depleted of particles
with low perpendicular velocity constituing a reversed population. The instability directly converts
particle energy into radiation and is able to produce very high brightness temperatures. For this
reason it was proposed as the emission process of spikes by Holman et al. (1980).

Melrose and Dulk (1982a) have worked out the details of the growth and energetics of the
maser emission. The effects of the ambient plasma have been included by Sharma et al. (1982).
Growth and escape of the various modes and harmonics have recently been discussed for coronal
conditions by Sharma and Vlahos (1984) and for auroral kilometric radiation by Melrose et al.
(1984). It seems that the maser mechanism operates only in strong magnetic fields (w,/Q, < 0.9)
and mainly emits on the fundamental (s = 1). Then it may not only be a strong radio source
but can even considerably heat the ambient medium and thus may redistribute the flare energy
(Melrose and Dulk, 1984) or accelerate particles (Sprangle and Vlahos, 1983).

While a considerable effort has been made to theoretically understand the maser instability
and interprete the high brightness temperature, very little has been done to explain other features
of spikes. In a model discussed by Vlahos and Sharma (1984) the bandwidth of spike emission is
given by the inhomogeneity of the magnetic field (equ. 3). The short duration of spikes has been
interpreted by Li (1986) in terms of injection of small beams at skew angles and fast relaxation of
the anisotropic electron distribution.

It is concluded that the emission mechanism is still unclear. Although cyclotron masering
looks attractive, other possibilities are still open and should be investigated.

4.3. Spikes and the Flare Process

Since spikes appear during the primary energy release in flares, it is most interesting to view
spikes in the general context of flares. The close agreement of the source density of spikes with the
preflare density of flare loops as derived from soft X-rays suggests that spikes are emitted from a
source close to the primary acceleration region. Unless some novel coherent radiation mechanism
is at work the exciter of spikes must be fragmented into 10000 or more single elements. This is
usually assumed for maser models. Then, the simplest assumption is that the flare energy, i.e.
at least its part taken up by fast electrons, is released in ten thousands of elements (microflares).
This scenario has been considered by Benz (1985). These flare elements may be the result of a
global MHD instability of the flare region.

Each flare element should not be much larger than the spike source (less than 200 km in
diameter). The acceleration process in such a region may be caused by a constant electric field or
double layer (run-away, considered by Kuijpers et al., 1981), stochastic acceleration (Benz, 1984),
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or small shocks (Vlahos and Sprangle, 1985). In any case, the extent of spike emission over more
than an octave in frequency and the compactness of flare kernels suggests that the large range of
different magnetic fields or densities is due to strong inhomogeneities.

The suggested fragmentation of flare energy release needs confirmation. It may be difficult to
observe in hard X-rays, since most of the electrons may loose their energy far from the acceleration
site at higher density. Also type III bursts may be the combined result of many elementary
accelerations. They are well-known to often consist of superposed fine structures.

5. Conclusions

Spikes are an intriguing emission in the impulsive phase of flares. They are the most frag-
mented flare radiation consisting of ten thousands of individual elements. The most important
question is whether this fragmentation is original or the result of a secondary process. If original,
it will have a major impact on flare theory reducing flare time scales by several orders of magnitude.

The fact that spikes are not seen in every flare should not be overemphasized. Observations
have mainly been done on frequencies below 1 GHz and only on a few single frequencies above.
Many spike events have remained unobserved. Complete coverage from 0.3 to 5 GHz is urgently
needed. In addition, propagation conditionsin the source region may often prohibit the escape of
spike radiation. This is particularly critical for cyclotron maser emission being strongly absorbed
at skew angles to the magnetic field.

Future spike observations should be compared with other flare radiations. Spatial resolution
and location in relation to the HXR flare are of great importance. Theoretical studies should
proceed from merely considering the emission process to construction of models of spikes in the
frame of current flare theory.

Acknowledgements

This work was partially supported by a grant from the Swiss National Science Foundation
(No. 2.460-0.82).

References

Barrow,C.H. and Saunders,H.: 1972, Astrophys.Lett. 12, 211.

Barrow,C.H., Flagg,R.S., and Perrenoud,M.R.: 1984, Solar Phys. 90, 111.
Benz,A.O., Zlobec,P. and Jaeggi,M.: 1982, Astron.Astrophys. 109, 305.
Benz,A.O.: 1984, Trends in Physics, Proc. 6th General Conference of EPS, 1, 156.
Benz,A.O.: 1985, Solar Phys. 96, 357.

Benz,A.O. and Kane,S.R.: 1986, Solar Phys., in press

Bernold,T.: 1980, Astron.Astrophys.Suppl.Ser. 42, 43.

Chernov,G.P.: 1974, Sov.Astron. 17, 788.

Chernov,G.P.: 1977, Sov.Astron. 21, 612.

Droge,F. and Riemann,P.: 1961, Inf.Bull.Solar Radio Obs.Europe 8, 6.

143



Droge,F.: 1967, Z.Astrophys. 66, 176.

Droge,F.: 1977, Astron.Astrophys. 57, 285.

Eckhoff,H.K.:1966, Inst.Theor. Astrophys.Rep. 18.

Elgargy,?.:1961, Astrophys.Norv. 7, 235.

Elgargy,d.:1962, Inf.Bull.Solar Radio Obs.Europe 9, 4.

Elgargy,d. and Rgdberg,H.: 1963, Astrophys.Norv. 8, 273.

Elgargy,d. and Eckhoff, H.K.: 1966, Astrophys.Norv. 10, 127.

Fu,Q.J., Li, C.S. and Yin,S.Z.: 1983, Kunming Workshop on Solar Physics, in press.

de Groot,T.: 1962, Inf.Bull.Solar Radio Obs.Europe 9, 3.

de Groot,T.: 1966, Rech.Astr.Obs. Utrecht X VIII-I.

de Groot,T.: 1970, Solar Phys. 14, 176.

Heyvaerts,J., Kerdraon,A., Mangeney,A., Pick,M., and Slottje,C.: 1978, Astron.Astrophys.
66, 81.

Holman,G.D., Eichler,D., and Kundu,M.: 1980, IAU Symp. 86 (M. Kundu and T. Gergeley,
eds.), p. 465.

Kane, S.R.: 1981, Astrophys.J. 247, 1113.

Karlicky,M.: 1984, Solar Phys. 92, 329.

Kuijpers,J., Van der Post,P. and Slottje,C.: 1981, Astron.Astrophys. 102, 33l.

Li,H.W.: 1986, Solar Phys., in press.

Malville, J.M., Aller,H.D., Jansen,C.J.: 1967, Astrophys.J. 147, 711.

Melrose,D.B. and Dulk,G.A.: 1982, Astrophys.J. 259, 844.

Melrose,D.B. and Dulk,G.A.: 1984, Astrophys.J. 282, 308.

Melrose,D.B., Hewitt,R.G., and Dulk,G.A.: 1984, J.Geophys.Res. 89, 2466.

NoninoM., Abrami,A., Comari,M., Messerotti,M. and Zlobec,P.: 1986, Solar Phys., in press.

Sharma, R.R., Vlahos,L. and Papadopoulos,K.: 1982, Astron.Astrophys. 112, 377.

Sharma,R.R., and Vlahos,L.: 1984, Astrophys.J. 280, 405.

Slottje,C.: 1978, Nature 275, 520.

Slottje,C.: 1980, Radio Physics of the Sun (M.R. Kundu and T.E. Gergeley, eds.), p. 195.

Sprangle,P., and Vlahos,L.: 1983, Astrophys.J.Lett. 273, L95.

Stahli,M. and Magun,A.: 1986, Solar Phys., in press

Strong,K.T., Benz,A.O., Dennis,B.R., Leibacher,J.W., Mewe,R., Poland,A.l., Schrijver,J.,
Simnett,G.M., Smith,J.B. and Sylvester,J.: 1984, Solar Phys. 91, 325.

Tapping K.F., Kuijpers,J., Kaastra,J.S., van Nieuwkoop,J., Graham,D. and Slottje,C.: 1983,
Astron.Astrophys. 122, 177.

Tarnstrom, G.L. and Philip,K.W.: 1972a, Astron.Astrophys. 16, 2l.

Tarnstrom,G.L. and Philip,K.W.: 1972b, Astron.Astrophys. 17, 267.

Vlahos,L., Sharma,R.R., Papadopoulos,K: 1983, Astrophys.J. 275, 374.

Vlahos,L. and Sharma,R.R.: 1984, Astrophys.J. 290, 347.

Vlahos,L. and Sprangle,P.: 1985, submitted to Astrophys.J.

Zhao,R.Y. and Yin,S.Z.: 1982, Scientia Sinica 25, 422.

Zheleznyakov,V.V.: 1970, Radio Emission of the Sun and Planets, Pergamon Press, Oxford.

Zheleznyakov,V.V. and Zaitsev,V.V.: 1975, Astron.Astrophys. 39, 107.

144




Ng7-21799

RELATION BETWEEN SOLAR NARROW-BAND DECIMETER WAVE BURSTS
AND ASSOCIATED X-RAY BURSTS

Shinzo Enome

Toyokawa Observatory
Nagoya University
Toyokawa 442, Japan

Larry E. Orwig

Code 682
NASA/GSFC
Greenbelt, MD 20771

Abstract

Results are reported of an initial comparison of solar narrow—band
decimeter wave spike bursts with corresponding X4ray events for 25 solar
flares. Contrary to the rather straightforward temporal and spatial relations
which exist between typical impulsive microwave and X-ray bursts, narrow-band
decimeter wave spike bursts show complex temporal structure relative to the
associated X-ray features. The time delay between the hard X~ray and microwave
emission peaks varies from -2 to 8 seconds. The asscoiated X-ray events are
very weak in intensity, are spectrally very soft, and do not show any peculiar
spectral features. Although the total number of bursts is small, it 1is
found that decimeter spike bursts are 102 - 103 times stronger than normal
impulsive microwave bursts for the same observed amount of hard X-ray emission.
This feature, supplemented by the fact that 100% circular polarization is

observed, strongly supports a maser origin for the decimeter spike bursts.

Published in Nature, 321, 421, (1986).
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ABSTRACT. We have investigated whether microwave source positions
change while the total fluxes of hard X-rays and microwaves show remarkable
rapid fluctuations of the order of seconds. The position measurements were
made in one dimension (east-west direction) with the 17 GHz interferometer
at Nobeyama. Position changes greater than a few arc seconds can be
detected. The result shows that significant position changes are found for
five of seven bursts but that no position changes greater than 3" are found
for the remaining two bursts.

It is crucial for the understanding of the energy release mechanism in
solar flares tc know whether the flaring occurs repeatedly in a single loop
or successively in adjacent different loops during X-ray and microwave
bursts of multiple spikes with time scales of seconds. VLA observations show
in some cases repeated flarings at the same position (Lang et al. 1981,
Kundu, Bobrowsky, and Velusamy 1982) and 1in some cases rather erratic
changes in flaring positions within complex active regions (Kundu, Schmahl,
and Velusamy 1982, Wilson and Lang 1984). The spatial resolution of these
observations are a few arc seconds, but the time resolution is 10 seconds.
High time resolution observations with the WSRT reveal complex changes in
flaring positions in the east-west direction; the source of spiky components
often shows position shifts of the order of the source size (Kattenberg and-
Allaart 1983).

In this report we present time variations of circular polarization,
position and size of the source of rapidly fluctuating microwave bursts
simultaneously recorded with the HXRBS on SMM and the 17 GHz interferometer
at Nobeyama. We are interested in particular to know if the position changes
from one peak to the next of multiple spike bursts with time scales of
seconds. The interferometer operated on a regular babis, ~ bh a day, so that
we had greater oppotunity of simultaneous recording of flares with the HXRBS
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or the HXM on Hinotori.

The 1interferometer is one-dimensional in the east-west direction, and
its maximum spacings are 385614 and 77122 before and after July 1981, which
correspond to 50" and 25" respectively (Nakajima et al. 1980, 1984).
Although these resolution are still poor, we can determine the source
position or estimate the source size with an accuracy of a few arc seconds
using all the observed Fourier components (Kosugi 1982): if the source
shifts by more than a few arc seconds, we could detect them. The maximum
recording rate of Fourier components is once per 0.8s for both RH and LH
circular polarizations.

We present below the results of analysis of 7 microwave bursts with
rapidly fluctuations of a few seconds. We have selected those bursts whose
flux density is greater than 100 sfu at 17 GHz, recorded simultaneously with
both the 17 GHz interferometer and the hard X-ray spectrometer on SMM
(HXRBS). The selection was by no means complete in the present report.
Examples are shown in Figures 1 to 3.

The first burst on 7 June 1980

This is a moderately strong burst occurring from an active region that
gave rise to the ’'famous’ June 7 flare. In Figure 1(a) is shown the
comparison between 17 GHz flux and 54-125 keV X-ray flux obtained with the
HXRBS. The 17 GHz flux was recorded with the polarimeter with time constant
of 0.3 s. The result of analysis of the interferometer data is illustrated
in Figure 1(b): flux density, degree of circular polarization, east-west
position, and source size. The observed source structure 1is simple and
unipolar. However the east-west position of the centroid of the source
shifts westward by ~ 5" at peaks relative to those at valleys. In addition
the polarization degree becomes lower at peaks. On the other hand there are
no changes in the estimated source size between peaks and valleys. The
position and size were estimated by a model-fitting method developed by
Kosugi (1982).

The second burst which occurred ~ 2 h later (0312 UT) shows no changes
in position ‘greater than 3" (p-p) between peaks and valleys but shows

similar changes in the polarization degree. as previously described by Kane
et al (1983).

The burst on 16 July 1982

The burst shows rapid fluctuations of a few seconds (Figure 2(a)). The
source is single and of simple structue, and its center position remains at
a fixed position at 0.8 west of the sun's center throughout the burst, as
shown in Figure 2(b). The peak positions of RH and LH circular polarizations
coincide to within errors of absolute position determination. There are no
significant changes greater than 3" in the east-west direction, except the
decay phase ( > 03 22 30) when the source shows a progressive shift to west
by ~2". The source size is estimated to be less than 8. However the degree
of circular polarization significantly changes between 20 % and 40 % : it is

148




1 980--06_-07

3000—4 (U
q [
- o
2500 —— -
c = -
o 5] o
U o
L
Nzeoo0 —— .
T 1 -
s L
1 17GH: N
Eis0e -
R o
s C
E1000 .
c -
4 L
H v :
D see S4—125 ke r
.

o T T g T T T T T T T T T

Q117:20 Q117:40 9118:00
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smaller at peakes and larger at deep valleys.

The burst on 5 June 1982

The burst also shows rapid fluctuations of a few seconds. The source is
single but slightly asymmetric with an extension on the east side, and the
polarization structure is bipolar. As shown in Figure 3 the estimated source
size is ~ 30", much larger than the estimated sizes for the remaining
bursts. Thereore it is likely that two sources of opposite polarizations are
unresolved to be observed as an apparently single source. The east-west
position changes from one pulse to the next and also between peaks and
valleys.

We have made similar analyses for the remaining bursts. The result is
summarized in Table 1. There are no significant ( > 8" ) position changes in
the microwave sources for two bursts ( the second burst on 7 July 1980 and
the burst on 16 July 1982), although these two bursts show large amplitude
fluctuations in both microwaves and hard X-rays. Even in these cases the
degree of circular polarization changes in a systematic way : lower at peaks
and higher at valleys. For the burst on 31 July 1981 there is a position
shift of ~ 5" between an initial small spike and the following main spikes,
though no systematic shifts are found between peaks and valleys within the
main spikes. The remaining four bursts show significant (8" - 12°) position
changes during rapid fluctuations. Systematic position shifts between peaks
and valleys are seen for the first burst on 7 June 1980 and less clearly for
the burst on 26 June 1882. Position shifts from pulse to pulse are found for
the bursts on 26 June 1982 and 28 July 1981.

As far as the circular polarization is concerned, there is a systematic
change: the polarization degree is lower at peaks and higher at valleys
(c.f. Kundu et al., 1981). This tendency can be explained by the variation
of optical depth T of the source: 7 > 1 at peaks and T < 1 at valleys. Or
alternatively there might be two unresolved components: one is less
polarized and spiky, and the other more polarized and smoothly arying (c.f.
Kattenberg and Allaart, 1983).

From the present observational evidence alone we cannot draw a general
conclusion that microwave emission corresponding to different spikes always
originates in different loops, because there are some bursts for which
emission comes consistently at the same position. The latter case may be
attributed to a limitted spatial resolution of the 17 GHz interferometer,
because the two bursts showing no position changes have small source sizes
(< 3M).

Finally we mention about spatial structures of impulsive flares
observed in UV (Cheng et al., 1981, 1884). From the analysis of four
impulsive flares observed with the UVSP on SMM, they presented diversity
and complexity of temporal and spatial structures of the flares: in some
flares there are several bright kernels which show different time behaviour
and in some flares bright regions extend over many pixels all of which show
a similar time behaviour.
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Table 1. Summary of Result
Date Time Position Size Change cof
Change (p-p) Pol .Degree
1980 June 7 0117-0119 yes 5° 8" yes
1980 June 7 0312-0313 no <3 <B" yes
1981 July 28 0411-0412 yes 107 107 yes
1881 July 31 0053-0054 yes 5" 9" no
1982 June 5 0128:40-0120:30 yes 127 30" yes?
(bipolar)
1882 June 26 0044-0048 yes 8" 20"  yes?
1882 July 16 0321:30-0322:40 no <3 <8" yes
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ABSTRACT

The main observational characteristics of narrowband
dm-spikes are summarized. Since the spikes are observed in
typical sequences of radio bursts, a global model of these
bursts is presented. The intensity of the magnetic field in
the spike source region, which is of principal importance,
is discussed.

1. INTRODUCTION
Observations indicate that dm-spikes can be divided into

two groups: narrowband dm=-spikes (bandwidth af = 3-15 MHz,
duration t; £ 0.1 s) and broadband spikes (blips)(15 MHz <« &f

< 100 MHz, t; ¢ 1 s). Whereas the broadband spikes belong to
the impulsive phase of the flare and are similar to type III
radio bursts (Benz et al.1983,Wiehl et al.1985,Fdarnik et al.
1985), the narrowband dm—Splkes were observed durlng the
early stage of flare mass ejection (Karlicky 1984). Due to
their very high brightness temperature (Kuijpers et al.1981)
the narrowband dm-spikes belong to the most interesting and
important radio bursts. The purpose of this paper is to study
these narrowband dm=-spikes from the point of view of the flare
process as a whole.

2. THE OBSERVATIONAL CHARACTERISTICS OF NARROWBAND DM-SPIKES

a) The duration of a separate spike is £ 0.1 s.

b) The bandwidth af = 3 - 15 lHz.

c¢) The radio flux of a spike is typically 200 sfu (Kaastra
1965/ .

d) The dimension of the spike source of 500- 6000 km and the
brightness temperature of the spike of 1.4x10"% -6x10* K
are estimated (Kuijpers et al.1981,Kaastra 1985).

e) In the radio spectrum, the spikes are observed in groups
which sometimes consist of several hundreds of spikes.

f) Relationships between the dm-spikes and zebra pattern
(Kaastra 1985) and the dm=-spikes and brained zebra pattern
(Kuijpers et al. 1981) were found.
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Oscillations of a spike band were observed (Kaastra 1985).
Sequences of radio bursts were observed in several cases
(dm-spikes, dm-pulsations and type II radio bursts)
(Karlicky 1984). The pattern of such a sequence from the
January 31,1982 flare is depicted in Figure 1. The impul-
sive phase of the flare usually precedes this sequence by
several minutes. The dm-spikes are observed at higher
frequencies than the pulsations and type II radio bursts.
i) In the August 19,1981 flare, we observed an interesting
radio spectrum (Figure 2a) which expresses the relation-
ship between the narrowband dm-spikes, pulsations and fiber
(intermediate drift) bursts (Karlicky 1985). In this parti-
cular case, it is important that the sequence of radio
bursts mentioned is followed (at lower frequencies) by a
type II radio burst. This sequence, with the exception of
the U-type and fiber bursts, is thus similar to the pattern
in Figure 1.

J) The dm-spikes are considered to be the fine structure of
type IV radio bursts (Slottje 1981). In some cases, a group
of spikes were observed to change gradually into continuum
radiation (type IV radio burst) in the spectrum = see
Figure 2 in the paper by Karlicky (1984).

k) The polarization of spikes may take any value and it is
almost constant within a single group, both in time and at
different frequencies. Their polarization is usually the
same as that of near radio activity (e.g. pulsations)
(Nonino et al. 1985),

1) The narrowband dm-spikes are usually related to two-ribbon

flares (Karlicky 1984).

2

3. MODEL OF BURST SEQUENCES WITH NARROWBAND DM-SPIKES

The observed burst sequences are best for verifying
models of separate bursts, because these models must consti-
tute the global model. Moreover, in this particular case the
global model must agree with the model of the two-ribbon
flare. Furthermore, the relation between narrowband dm=-spikes
and type II radio bursts indicates that the observed burst
sequenes are connected with the process of flare mass ejection
(Karlicky 1984).

The first attempt to explain the burst sequence was made
by Karlicky (1985). The radio spectrum and the corresponding
model is shown in Figure 2. In this model, the narrowband
dm-spikes are interpreted as a radio manifestation of the
spatially localized reconnections in the flare loop. The
individual reconnection accelerates the dense electron beam,
which cannot be stabilized by non-linear processes, and,

consequently, the beam relaxes quasilinearly in a very short
time. During this process, Langmuir s waves are generated
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which, after transformation, lead to dm-spikes. The duration
of a dm-spike is thought to be related to the thermal damping
time of the generated Langmuir s waves. After quasilinear rela-
xation and space evolution, the superthermal electrons form
the new electron beams which propagate along the flare loop
and generate U-type bursts via two-stream instability. After
some time, the superthermal electrons become trapped in the
flare loop, and fiber bursts (the model by Kuijpers,1975)

and pulsations (the model by Benz and Kuijpers 19763 are
generated via the loss-cone instability. The same "periods”
of the fiber bursts and pulsations (sudden reductions) are
explained by the superthermal electrons which, after inter-
acting with whistlers (fiber bursts) in the bottom part of
the flare loop, interrupt the loss-cone instability (sudden
reductions) also in the upper part of the flare loop. In the
course of the whole process, the flare loop is heated and it,
therefore, expands and generates a shock wave (type II radio
burst). The parameters of the flare loop in the radio burst
sources were estimated on the basis of this concept and of
the models of the individual bursts mentioned (Figure 2b):
The height of the flare loop from the U-type burst theory,
the magnetic fields from the fiber and type II burst theory,
the mean electric field in the reconnection process from the
size of the spike source region and the energy of the super-
thermal electrons.

This model was developed for the August 19,1981 flare,
but its significance is more general. It can also explain the
typical burst sequence shown in Figure 1. The role of the
spikes, pulsations and type II bursts remains the same, and
the U-type and fiber bursts are not observed due to some
effects (generation mechanism, propagation effects, weak
intensity).

4, DISCUSSION

In all dm~spike models, their principal condition is
expressed in terms of the ratio of the electron plasma wWge
and electron cyclotron Wce frequencies. For example, the
models by Kuijpers et al.(1981)(the runaway model) and by
Melrose and Dulk (1982)(the electron-cyclotron maser) require
relatively high magnetic fields, i.e. the condition wpge < e
must be satisfied. On the other hand, Kaastra (1985) esta-
blished the condition Wpe>> wee in the spike source region on
the basis of the relation between the dm=-spikes and the
zebra pattern. A similar result can also be obtained in our
case with a relatively low magnetic field (Figure 2b).
(However, a strong local concentration of the magnetic field
can change this result).

In general, it is difficult to estimate the magnetic
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field in the spike source region. In our case, we have used
Kuijper s theory of fiber bursts (Kuijpers 1975). However,
one thing requires an explanation: The H-alpha ribbons of the
August 19,1981 flare were squeezed among a group of sunspots
with a relatively high magnetic field. But Kuijper s fiber
burst theory cannot yield magnetic fields much higher than
we estimated. (A higher magnetic field means a higher group
velocity of the whistlers and a larger distance over which
the whistlers must propagate during the time of the fiber
burst. However, this distance must be smaller than the
characteristic dimension of the flare). These contradictory
facts can be explained in two ways:

a) By the structure of the flare s magnetic field.

The magnetic field in the flare is strongly inhomogeneous,
in other words, besides regions with strong magnetic fields
there are also regions with weak magnetic fields.

b) By modifying fiber burst theory.

For example, if the whistlers are replaced by another
type of low-frequency wave or if the ratio of whistler
frequency and electron gyrofrequency is smaller than 0.25
(which is usually used), the estimated magnetic field may
come out higher.

The situation is evidently very complicated. It should
be emphasized, therefore, that the results reported above
were obtained using determined models which still require
verification.
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ABSTRACT

The solar burst of 21 May 1984 presented a number of unique features. The
time profile consisted in seven major structures (seconds), with a turnover
frequency > 90 GHz, well correlated in time to hard X-ray emission. Each
structure consisted in multiple fast pulses (10~2 seconds), which were analysed
in detail. It has been confirmed a proportionality between the repetition rate
of the pulses and the burst fluxes at 90 GHz and > 100 keV hard X-rays, and
found an inverse proportionality between repetition rates and hard X-rays power
law indices. A synchrotron/inverse Compton model has been applied to explain
the emission of the fast burst structures, which appear to be possible for the
first three or four structures.

A number of unique characteristics were found in a solar event observed in
21 May 1984, 1326UT at 30 and 90 GHz by Itapetinga Radio Observatory using
high time resolution (1 ms) and high sensitivity (0.03 S.F.U.), and at hard
X-rays by the HXRBS experiment on board of the SMM satellite, with 128ms time
resolution. This event was also observed by patrol radio telescopes at 7 GHz
(Itapetinga) and at 1.4, 2.7, 5, 8.8 and 15.4 GHz (AFGL; Cliver, 1984). The
time profiles at hard X-rays, in two energy ranges, and at 90, 30 and 7 GHz
radio frequencies are shown in Figure 1.

The event presented seven major time structures (1-2 sec duration) at 90
GHz, very well correlated to hard X-rays. They are labeled A-G in Figure 1,
The 30 GHz emission enhanced only after the fourth structure, and was also well
correlated to the 90 GHz and hard X-rays emissions. The radio emission
intensity increased towards the shortest mm-waves, indicating a turnover
frequency at about or above 90 GHz for all seven major time structures, as
shown by the spectra in Figure 2.
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Table I — Parameters of the burst major time structures, labeled A-G(Figure 1).
The spectral indices o and q are mean values at the maximum of each structure.
Radio fluxes are in s.f.u., 1 s.f.u. = 10722 w/m? Hz, and X-ray fluxes are in
units of 3 x 10725 erg/em? s Hz. R is the repetition rate of fast pulses for
each structure, R = N/At, with N the number of pulses, and At the duration of
the major structures (or packet of pulses).

Flux X-ray spectral indices packet NQ e~fold.

Struc Flux Flux >30 >100 _burst slowcomp, | dur. pulses & rise oF/F
ture 90 GHz 30 GHz keV keV o q Fi q (sec) N (5'1) time (ms) 90 GHz
A 8 3 0.2 0.01 1.2.] 2.2 0.8 4.0 2.0 3 1.5 60 50
B 34 5 0.6 0.03 1,81 2.5 0.8 | 4.0 3.8 11 2.9 70 20
C 83 7 0.7 0.05 2.5 1.9 1.0 | 3.0 2.8 14 5.0 40 50
D 40 9 0.4 0.02 1.6 | 2.7 4.0 ) 3.4 1.6 5 3.0 60 20
E 58 24 1.1 0.04 0.91] 2.4 0.3 { 3.4 1.7 6 3.5 50 30
F 27 12 0.6 0.02 0.7} 2.8 0.3 | 3.4 1.6 4 2.5 60 50
G 23 16 0.5 0.03 0.3 ] 2.7 0.0 | 3.5 1.0 3 3.0 60 40

Interesting properties are found by correlating pulse repetition rates and
the fluxes at 90 GHz and X-rays, for the various packets of pulses. The
scatter diagrams (Figure 6) are for the seven structures which, together,
included 46 fast pulses. The correlation coefficient was excellent at > 100
keV X-rays and 90 GHz (better than 90%) but not so good at > 30 KeV X-rays
(60%) . These results favour the well accepted assumption that the mm-wave
emission are better associated to the higher energy X-rays and confirm the idea
that the pulses emission are quasi-quantized in energy (Kaufmann et al., 1980;
Correia, 1983; and Loran et al., 1985). The characteristic energ radiated
by each pulse at the emitting source can be estimated as 5 x 1027 ergs at
90 GHz and 1029 ergs at 5 100 KeV X-rays.

Another and new result was found by correlating the pulse repetition rates
and hard X-ray power-law spectral index, shown in Figure 7. The correlation
coefficient is very good (91%). This result suggest that the harder is the
spectrum, the larger is the repetition rate.

The fast pulse emission and the high radio turnover frequency are
difficult to be interpreted using models currently available which consider the
acceleration of non-relativistic or mildly relativistic electrons (Kaufmann
et al., 1985; and McClements and Brown, 1986).

One possible explanation assumes the acceleration of ultrarelativistic
electrons which produce a synchrotron emission component spectrum peaking
somewhere at v > 10!l Hz.The concurrent hard X-ray emission is attributed to
inverse Compton quenching on the synchrotron photons produced in a compact,
bright and short-lived source (Kaufmann et al., 1986). We analysed here this
possible interpretation for all the seven major structures of the 21 May 1984
event.
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Figure 2 - Radio spectra for the maximum of each major
time structure of the 21 May 1984 event, as indicated
in Figure 1.

Table I summarizes the main characteristics of each major time structure

of the burst. The

spectral indices of the burst structures are distinguished

from the indices of a slow underlying burst emission component (~20 seconds).
At radio, the spectral indices o are defined as F « va, where F is the flux
density and v the frequency. The spectral indices between 30-90 GHz enhanced
for each superimposed structure with 0¢~0.3 - 2.5, while the underlying slow

component spectral
power-law spectral
the photon energy,
exhibited spectral
at the § ~4-5. The
Table I).

index was varying slowly in the 0-1.0 range. The X-ray
indices § are defined as F « E79, where F is the flux, E
and q = §-1. The corresponding hard X-ray structures
indices reduction to = 3, while the slow component remained
spectra become harder in peak of each structure (Figure 5,
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Figure 1 - The solar burst of 21 May 1984,
1326UT, observed at 7, 30 and 90 GHz (Ita-
petinga Radio Observatory) and hard X-rays
(HXRBS-SMM). The seven major time structu
res are labeled A-G. -

Each structure was expanded in 4 second sections, in order to analyse
their time profiles in more detail. Using running mean technique,we filtered
the 4 seconds sections to evidence pulses at 30 and 90 GHz (Figure 3). The
plots show that each radio structure, consisted in packets of fast pulses
with durations of tens of milliseconds and relative amplitude of ~507 at 90GHz
and of less than 57 at 30GHz. After the fourth structure, when the 30 GHz
emission was enhanced, we verified that the pulses between 30 and 90 GHz were
generally in phase, to better than 10 ms (Figure 4).

Time expanded 4s sections were also analysed in comparison to hard X-rays,
and in terms of spectral indices. Two examples are shown in Figure 5. At
X-rays, the pulses are not visible because their durations (~60 ms) are shorter
than the time resolution available (~128 ms). However, when compared with time
integrated 90 GHz data, in the same 128 ms, the overall time structures appear
to be well correlated. Therefore it is likely that the fast pulses are also
present at hard X-rays and would be detected if enough sensitivity, and time
resolution were available. 1In this case, it is plausible to assume that both,

the radio and hard X-ray pulses, are produced by the same population of energe-
tic electrons.
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Figure 3 - All the structures at 90 and 30 GHz plotted on a 4s expanded time
scale with a running mean subtracted from the measured fluxes at the two

frequencies. The flux scales are indicated for structure C, and are kept the
same for all the other 4s sections.

Using the formulation of the synchrotron/inverse Compton model given by
Kaufmann et al., (1986), we obtained the pulse source characteristics in each
one of major time structures. The results, considering a magnetic field of
500 gauss are given in Table II.

The application of the synchrotron/inverse Compton model seems to work
self-consistently in the first four major time structures(A, B, C, D), which
have turnover frequencies well above 10!'! Hz. The estimated source parameters
required to explain the high turnover frequency and the short pulse duratiouns
(~ 60 ms) are: source of ~107cm and ~10!! co~3 density of energetic electrons
with Lorentz factor y > 40. The model predicts a turnover frequency around
1013 yz,

For the last three structures (E. F, and G) exhibiting a turnover
frequency at about 10!! Hz, the application of the model would require
unrealistically high numbers of energetic electrons. The last three structu-
res might be explained by existing models that do not require the acceleration
of ultrarelativistic electrons (for example: Dulk and Marsh, 1982).
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In the upper plot the 90 GHz data

was time integrated in 128 ms, in order to compare to the X-rays time profile.
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Figure 6 — Scatter diagrams: (a) Pulse
repetition rates and fluxes at 90 GHz,
(b) repetition rates at 90 GHz and
fluxes at hard X-rays (> 100 keV), and
(c) repetition rates at 90 GHz and
fluxes at hard X-rays (> 30 keV), for
all the seven structures.
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Table II - Pulse source characteristics defined by Kaufmann et al., (1986)
synchrotron/inverse-Compton model application of each major time structure

as labeled in Figure 1. Parameters are defined at times t = t_ (at the
begining of the pulse) and t = t; (at the maximum of the pulse‘ radio emission).
Yy is the Lorentz factor, £ is the fraction of energy lost by the electrons,
E=v(t = t))/y(t = ty); v is the maximum frequency of the spectrum produced
by the acce?erated ultrarelativistic electrons; K is the proportionality factor
of the power law distribution N(y) = Ky™™; N and N, are the density and total
number of electrons accelerated per pulse; is the ratio of the inverse-
Compton to bremsstrahlung losses "intrinsic" é the emitting pulse source.
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ABSTRACT

A solar burst was observed with high sensitivity and time resolution at
cm-mm wavelengths by two different radio observatories (Itapetinga and
Algonquin) ; with high spectral time resolution at dm-cm wavelengths by patrol
instruments (Sagamore Hill); and at hard X-rays (HXM-Hinotori). At the onset
of the major burst time structure there was a rapid rise in the spectral
turnover frequency (from 5 to 15 GHz), in about 10s, coincident to a
reduction of the spectral index in the optically thin part of the spectrum.
The burst maxima were not time coincident at the optically thin radio
frequencies and at the different hard X-ray energy ranges. The profiles at
higher radio frequencies exhibited better time coincidence to the higher
energy X-rays. The hardest X-ray spectrum (-3) coincided to peak radio
emission at the higher frequency (44 GHz). The event appear to be build up by
a first major injection of softer particles followed by other injections of
harder particles. Ultrafast time structures were identified as superimposed
to the burst emission at the cm-mm high sensitivity data and at X-rays, with
predominant repetition rates ranging 2.0-3.5 Hz.

1. INTRODUCTION

The 4 November 1981, 1828 UT solar burst was observed simultaneously at
eleven dm-mm wavelengths (0.4-44 GHz), by Sagamore Hill (AFGL, USA), Algonquin
(HIA, Canada) and Itapetinga (INPE, Brazil) observatories, and at seven
energy ranges at hard X-rays by HXM experiment on Hinotori satellite(28-375keV).
Radio spectral data were obtained by Sagamore Hill (0.4-15 GHz), with very

171 PRECEDING PAGE BLANK NOT FRMED



good time resolution (1 spectrum/second). The Algonquin (10.6 GHz) and
Ttapetinga (22 and 44 GHz) data were obtained with high sensitivity, and high
time resolution (limited here to 30 milliseconds). The hard X-ray data were
analysed with a time resolution of 30 milliseconds in the lower energy channel
(28-38 keV). Hard X-ray spectral indices were obtained every 5-10 seconds
throughout the major burst duration.

2. TIME SPECTRAL VARIATIONS

In Figure 1 we show the flux time profiles, the time variations of the
radio turnover frequency and of the spectral indices. The radio spectral
index o in the optically thin part of the spectrum was obtained from the
fluxes at 22 and 44 GHz, and defined as F « f%, where F is the flux and f
the frequency. The X-ray data for the seven energy channels (28-375 keV) were
fitted to a power law spectrum (defined as I « ES, where I is the flux, E the
photon energy, and G_bs the p?wqr law spectral index) and to a thermal spectrum
(deflned as I « (kT) x x exp (-E/kT), where T is the temperature and
k is the Boltzmann constant). The main burst phase (1828-1829 UT) exhibited
three predominant structures at the softer X-ray (28-38 keV) time profile,
with peaks at 1828:19, 1828:27 and 1828:38 UT, respectively.The corresponding
maxima at radio occurred approximately at 10.6 GHz, 22 GHz and 44 GHz,
respectively., The 10.6 GHz time profile is considerably smoother, compared
to the time profiles at higher frequencies. This trend was also observed at
7 GHz, by a patrol instrument operated at Itapetinga Radio Observatory
(Takakura et al., 1983).

Before 1828 UT, there was a precursor which was more pronounced at lower
frequencies, presenting a spectral turnover frequency at about 5 GHz.

Between 1828:10 and 1828:20 UT (corresponding to the first X-ray structure),
there was a very rapid increase of the turnover frequency up to ~15 GHz,
simultaneously to a decrease of the 22-44 GHz spectral index from about

-3.7 to -4.9. The rapid change in the radio turnover frequency is shown in
more detail in Figure 2.

The remaining part of the main burst (1828:20 to 1828:50 UT) was
characterized by an increase of the radio and X-rays spectral indices
(hardening) and a slight decline of the radio turnover frequency.

After 1828:50 UT, there was a softening of the X-rays index, but the
22-44 CGHz spectral index continued to increase,reaching values between -3.0
and -3.5.

The increase and decrease of the X-ray spectral index § can also be
described in terms of increase and decrease of the temperature, if we assume
the thermal fit (shown by open circles in Fig. 1). The x? test applied to
the two fits indicated that the thermal spectrum was better fitted than the
power law spectrum during the main phase of the hurst (1828:13-1828:43 UT).
However, it is known that multiple injections of power law populations can
produce apparent better thermal fits.

The errors bars marked in the plot of the radio spectral index refer
to the uncertainty in the estimates of the 22 and 44 GHz flux densities at
the beginning of the burst. After 1828:10 UT, this error becomes
negligible. There is still an uncertainty of 0.4 in the absolute value of a,
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Figure 1 - Time profiles of the 4 November 1981, 1828 UT solar burst,including
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(ordinates at the left), and the X-rays thermal fit temperatures, in circles
(ordinates at the right).
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Hill Radio Observatory (AFGL). The last three
spectra (10, 11 and 12) are essentially identical.
The shift in the turnover frequency (5-15 GHz)
occurred in less than 10s.

due to the uncertainty of about 207 in the calibration of the 22 and 44 GHz

flux scales. However, this effect is meaningless when we consider the time

variation of a.
Figure 3 shows the X-rays time profiles at the six higher energy channels.

There is a gap in the data between 1828:28 UT and 1828:37 UT, but it can be
seen that the first structure at 1828:19 UT was more pronounced at the lower
energies, while the third structure (1828:38 UT) was more pronounced at higher
energies. As shown in Figure 1, the 44 GHz maximum occurred at the time of

the third X-ray structure.
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Figure 3 - X-rays time profiles at the harder energy ranges obtained by HXM
experiment on board of the Hinotori satellite.
38 keV) is shown in Figure 1.

2.63
1.75

0.88

1.26
0.84

0.42

0.34

0.17

10-2

10-3

10-3

10-3

-

i

L1 1

N

~LJ { 1 1
- 48.6-66.9 keV

1 | R | 1 1
. 66.9-102.9 keV

102.9-159.2 keV

l S T |

Lo-3|. 159-2-265.4 keV

§ U T N T I N I
245:4-375.9 keV

| SO WS T W TN T B |

1828:00

1829:00 U.T.

The softer energy channel (28-
Note that the 22 GHz time profile (Figure 1)
fits better to the 102.9-159.2 keV channel, while the 44 GHz time profile

(Figure 1) fits better to the 159.2 - 245.4 keV channel.

175



3. SUB-SECOND TIME STRUCTURES

Time expanded sections of this burst reveal that sub-second pulsations
were present in the radio and X-rays time profiles. This phenomenon was
studied by Takakura et al. (1983), in the same burst. Their analysis,
however, was restricted to two time intervals (of 2s), and the Algonquin
10.6 GHz high sensitivity data werenot available. Figure 4 reproduces an
expanded section of the original 22 GHz and 44 GHz time profiles obtained by
two independent radiometers at the focus of the Itapetinga 45ft antenna. We
have analysed in more detail three 4.3s intervals across the main burst
structure, labeled A,B and C in Figure 1. The technique used was the
subtraction of the data from running means, as described in the caption of
Figure 5.

SECTION C

] | 1 ] I
1828:38 1828:41 U.T.

Figure 4 — Example of 22 and 44 GHz raw data without any filtering or
processing, obtained for Section C (Figure 1). Superimposed fast structures
are identified at the two frequencies by arrows. The mean time interval
between consecutive well defined pulses is of about 0.3s, corresponding to a
repetition rate of about 3.3 Hz. This burst section is analysed again in
Figure 8, together with 10.6 GHz and hard X-rays data.
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Figure 5 shows a sample of the uncertainties in fluctuations outside the
burst period of time. They include the system noise and other fluctuatioms,
which were due to excess noise at the data acquisition system (at 22 and
44 GHz), or to fluctuations of unknown origin (at 10.6 GHz). The figures
6-8 show the burst sections A,B and C, which compared to Figure 5 indicate
clearly the presence of sub-second pulsations at the three radio frequencies
and at 28-38 keV X-rays. The figure captions describe further details of the
analysis. The repetition ratesof the superimposed fast pulses ranged from
2-3.5 Hz, The subsecond pulses at 10.6 GHz were particularly pronounced at
the main structures A and B, reducing substantially at structure C, as well as
In the remaining part of the event. The relative amplitudes of the subsecond
Pulses at the corresponding maxima were of 0.7% (10.6 GHz), 3% (22 GHz),

7% (44 GHz), and 237 (at 28-38 keV X-rays). This result confirm the tendency
of having better defined sub-second structures for higher mm-wave frequencies
(Kaufmann et al., 1984; 1985).

We still observe that the time correlation between pulses at different
radio frequencies and at X-rays is often poor or unexistent. The nature of
this effect is not known, and deserves further analysis. One possibility
might be that the fine time structures were not entirely resolved.
Convolution effects may have produced the observed "ripple" structures,
differently at the three radio frequencies and at X-rays (Brown et al.,1983;
Loran et al., 1985).

The Fourier analysis techniques were highly criticized in the present
Workshop, when applied to pulsed phenomena which are not strictly periodic.
In spite of these restrictions, we obtained Fourier spectra for several
sections throughout the burst duration. One example is shown in Figure 9,
corresponding to the 4.3s burst section B (Figure 7). The results indicate
the presence of several frequencies, with different relative amplitudes for
different radio frequencies and hard X-rays, and confirm some repetition
rates common to the four time profiles of section B (Figure 7).

4. CONCLUDING REMARKS

The impdsive burst may be interpreted as consisting of several major
overlapping acceleration phases. In a first phase, the accelerated
population of electrons are predominantly softer in energy. The sudden
increase in turnover frequency may be attributed to the increase in density
of accelerated electrons. The excess of particles with softer energies
causes the decrease in the radio spectral index in the optically thin part
of the spectrum. The following phases corresponded to a hardening of the
radio and X-ray spectra, exhibiting peak emission, first at 22 GHz, followed
by the peak at 44 GHz, nearly 20 seconds after the first phase. The phases
appear to be build up of multiple rapid injections, which may also be

superimposed or mixed up, producing complex power spectra or repetition rate
frequencies.
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Figure 5 - 4 seconds of data obtained when tracking the active region previous-
1y to the event, in order to show the level of uncertainties in fluctuations at
10.6 GHz (Algonquin), 22 and 44 GHz (Itapetinga) and 28-38 keV (HXM-Hinotori).
The plots were obtained by subtracting the data from 700 ms running mean base-
line. The radio data was time integrated in 30 ms, in order to become
comparable to the X-ray time resolution. The X-ray data was further smoothed
out by a 90 ms running mean (this technique keeps the 30 ms time resolution).
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Figute 7 - 4.3 seconds interval of burst section B (Figure 1), obtained in the
same conditions of the Figures 5 and 6. Fourier spectra of this section were
also determined and are shown in Fig. 9. Like in section A (Figure 6), the
time intervals between consecutive pulses denote the presense of more than one
frequency, of about 2, 2.5 and 3.5Hz. The Fourier spectra of Figure 9 also
show these components,with different relative importance at the different
radio frequencies and at hard X-rays.
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frequencies were shown in Figure 4 and display the same structures.
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For more than a decade, various studies have pointed out that hard
X-ray and microwave time profiles of some solar flares show quasi-peri-
odic fluctuations or pulsations (Parks and Winckler 1969, 1971; Frost
1969; Cribbens and Matthews 1969; Janssens and White 1969, 1970; Janssens
et al. 1973; Maxwell and Fitzwilliam 1973; Anderson and Mahoney 1974;
Cliver et al. 1976; Wiehl and Matzler 1980). Nevertheless, it was not
until recently that a flare displaying large amplitude quasi-periodic
pulsations in X-rays and microwaves was observed with good spectral
coverage and with a sufficient time resolution. The event occurred on
1980 June 7 at ~ 0312 UT, and exhibits seven intense pulses with a quasi-
periodicity of ~ 8s in microwaves (fX 3 GHz), hard X-rays (EX 20 keV)
and gamma-ray lines. Details of this event are given by Kane et al.
(1983), Kiplinger et al. (1983), Forrest and Chupp (1983), and Nakajima
et al. (1983), and in several additional papers cited by them. This
flare strongly suggests that, in the impulsive phase of a flare, elec-
trons and ions are accelerated simultaneously in a train of quasi-
periodic pulses which may arise as a consequence of some MHD/plasma
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process such as a current loop coalescence (Tajima et al. 1982; Nakajima
et al. 1984; Sakai et al. 1986). Therefore, a study of similar events

for confirming common characteristics of this type of flare is expected
to provide deeper insight into basic flare processes,

On 1983 May 12 at ~ 0253 UT, another good example of this type of
flares was observed both in hard X-rays and in microwaves (Kiplinger et al.
1984). Time profiles of microwave intensity (R+L) at five frequencies are
shown in Figure 1 together with curves representing the degree of polar-
ization (R-L)/(R+L). Similar to the 1980 June 7 event, this event consists
of seven dominant pulses with a remarkable regularity; the mean interval
between pulses is ~ l6s with the ratio of the maximum interval to the
minimum interval being ~ 2.1. It 1is to be noted that such a regularity
should seldom occur as the result of randomly scattered pulses. The
probability of such a regularity in the occurrences of seven pulses
is ~ 3 x 10~% if the pulses are distributed according to a Poisson
distribution.

Temporal and spectral characteristics of this flare are compared with
the event of 1980 June 7 in Table I. As can be seen from the table, the
two flares resemble each other not only in their time profiles but also in
other characteristics as follows:

a. The microwave source, observed with the Nobeyama 17 GHz inter-
ferometer for both cases, is almost stationary in the pulsating
phase (see Figure 2). (The 1983 May 12 source shows an eastward
motion in the decay phase after the pulsation. This motion
may be a projection of an wupward motion with a velocity of

~ 100 km s~1.)

b. Several observed quantities vary in synchronism with the intensity
variation, i.e.,

(1) The hard X-ray spectrum hardens at the times peaks and softens
at the times of valleys,

(ii) The peak frequency of microwave spectrum, f_,, increases at
the times of peaks and decreases at the times of valleys, and,

(iii) The degree of circular polarization of microwaves at f = £
decreases at the times of peaks and increases at the times og
valleys, while that at frequencies f > f, (data is not avail-
able for the 1980 June 7 event due to its high fp) increases
slightly at the times of peaks.

All these variations are superposed on a more gradual variation. It
should be noted that the variation of hard X-ray spectrum between peaks
and valleys is less pronounced in the 1980 May 12 event and that the

6th and 7th peaks of this event reveal a progressive hardening of X-ray
spectra.

These common characteristics summarized above appear to be consistent
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Figure 1:

Figure 2:
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The flare of 1983 May 12 in microwaves. Time profiles in
intensity (I=R+L, 1left) and the degree of polarization
(p=(R-L)/(R+L), right) are shown at five frequencies.
Observations were made at Toyokawa (1, 2, 3.75 and 9.4 GHz;
by courtesy of S. Enome) and at Nobeyama (17 GHz).
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One-dimensional (E-W) contour map with time of the 1983
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20, 15, 10, 5, and 3% levels for the V=R-L map (lower),
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S30E15, is denoted by a straight line.
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Table I.

Comparison between the 1980 June 7 and

the 1983 May 12 flares.

1980 June 7 1980 May 12
A. Quasi-periodicity T ~ 8s T ~ l6s
N=7 N =7
MW,HXR, Y-lines MW, HXR
B. Microwaves
Bl. Source size £5" ~ 20"

position
(17 GHz, East-West)

B2. Spectra
(fp: peak frequency)

B3. Degree of polar-
ization atf ~fp
at f>fp

B4, Peak timings

with HXR's
high f vs low £

stationary ( < 3")

almost stationary (£ 5")
upward motion (~ 100km/s)
after pulsation

(fp: increases at peaks, decreases at valleys)

f, 2 17 GHz
gradually decreasing

fp ~ 9.4 GHz
gradually increasing

(decreases at peaks, increases at valleys)
(i.e. anti~correlation with intensity)

0.3s delay
low-f delay

positive correlation
with intensity

1-2s delay
complex

C. Hard X-rays

‘L._
Cl. Spectra (EY)

C2. Peak timings

(hardens at peaks, softens at valleys)

Ay ~ 1

Y :2.5 + 3.5
(gradually softening)

< 0.2s delay at high E

Ay ~ 0.4

Y :4.0 > 3.3
(gradually hardening)

~l1s delay at high E

D. Remarks

subpeak structure
homologous events
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with a model in which acceleration of electrons (and also ions in the
case of the 1980 June 7 event) takes place repeatedly in a single loop
or a system of loops. The interval between this repeated acceleration
is governed by some characteristic time scale such as the Alfven transit
time, i.e., the length (or the radius) of the loop(s) divided by the
Alfven velocity. At the times of peaks, electrons are accelerated in
the loop(s) and stream down into a thick-target hard X-ray source where
they give rise to hard X-rays by bremsstrahlung and lose their energy by
collisions. Also a certain fraction of the electrons accelerated in the
individual pulses are reflected and trapped in the loop(s) by magnetic
mirrors. These electrons have a relatively long life-time and give rise
to a gradual background component.

In this model, the differences in the hard X-ray spectra between the
peaks and the valleys may be explained by the existence of more than one
hard X-ray source. For simplicity, let us assume that hard X-rays are
emitted only from the thick-target source at the times of peaks, whereas
they are emitted only by trapped electrons at the times of valleys.
Also we will assume that the spectral evolution of trapped electrons is
negligible so that the thin-target approximation for the hard X-ray
radiation is applicable. In this case, we get the maximum peak-to-valley
difference in spectral index Ay =1.5. Note that the observed values, AY
~ 1,0 for the 1980 June 7 event and Ay = 0.4 for the 1983 May 12 event,
are smaller than this maximum value. This suggests that the above scenario
is nearly correct but needs some modifications. It is likely that both
the thick-target source and the trapped—electron source emit hard X-rays
continuously with their relative contributions varying over the peaks and
valleys. The smaller Ay observed in the 1983 May 12 event when compared
to that observed in the 1980 June 7 event is in accordance with a higher
trapping efficiency of electrons; this explanation seems consistent with
several characteristics of the former event such as a progressive harden-
ing of the X-ray spectrum and a delay of microwaves and higher—energy
hard X-rays with respect to lower energy hard X-rays.

The higher peak frequency of the microwave spectrum, fp, at the times
of peaks than at the times of valleys is not only due to a larger number
of energetic electrons but also due to a stronger magnetic field. The
positive correlation between the degree of polarization and intensity at
frequencies f > fp requires that the magnetic field is stronger at the
times of peaks than at the times of valleys. This result is consistent
with our scenario, because down-streaming electrons should encounter a
stronger magnetic field than the trapped electrons. Finally, the anti-
correlation between the variation in the degree of polarization and that
in intensity, found at around the peak frequencies, f = f;,, is naturally
explained by variations in optical depth. This variatgon in optical
depth is observed as a positive correlation of fp with intensity.

In order to further explore these observational results and theoret-
ical scenarios, a study of nine additional quasi-periodic events has been
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incorporated with the results from the two flares described above. These
11 flares were selected from a sample of 135 digitally recorded events
which were observed with the Nobeyama 17 GHz polarimeter from January
1979 through June 1983. All events were required to have a peak flux
exceeding 150 sfu and were selected by criteria similar to those used by
Cliver et al. (1976). Out of the 11 events selected, polarimeter data
from Toyokawa Radio Observatory at 1, 2, 3.75 and 9.4 GHz are available
for nine events (digital data kindly provided by S. Enome); Nobeyama 17
GHz interferometer data are available for seven events; and HXRBS data
are available for four events.

A brief summary of the analyses of these events is:

(1) The mean periods identified in the 11 quasi-periodic events are
scattered in the range of 8 to 36 s with the number of pulses
varying between 4 and 15.

(2) The microwave source 1is stationary in three out of seven events
(3/7), or shows a small shift of < 10" in the pulsating phase
(4/7). 1In the latter cases, the motion appears continuous rather
than random. Two events suggest an upward motion ( ~ 100 km s~1)
in the decay phase after the pulsation.

(3) The summaries b(i) to (iii) for the events on 1980 June 7 and
1983 May 12 apply to most cases:

(1) Hard X-ray spectral hardening at peaks (4/4), with Ay = 0.4 -
1.0,

(i1) 1Increases of f_ at the times of peaks (6/9). In one out of
the remaining three events, fp is remains nearly constant.
For the other two cases, the change in peak frequency cannot
be estimated because f, >> 17 GHz or because of small ampli-
tude of pulses at f < 10 GHz.

(iii) The anti-correlation of the degree of polarization with
intensity at frequencies f = fp (7/10). Two of the remain-
ing three events are unpolarized. The other is the only
exception whose degree of polarization decreases gradually
with time and shows no correlation with the rapidly varying
intensity.

(iv) Using data at 17 GHz, correlation of the degree of polariz-
ation with the intensity at f > f_ has been examined for six
events which exhibits fp < 17GHz. We find that two events
with f, < 9 GHz show a weak positive correlation, one event
with f;, = 10 GHz shows no correlation, two events with
fp = 12 GHz show a weak negative correlation, and the
remaining one event is unpolarized. This result is con-

sistent with the statement in point b(iii) in the previous
summary.

(4) Flares from the same active region which produced a quasi-periodic
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event have been searched for homologous, quasi-periodic events.
Such a homologous flare has been found in 6 of the 1l events,
and the mean periods are similar between homologous pairs of
flares in 5 out of the 6 cases. This is supporting evidence for
a physical reality of the quasi-periodicities.

A more detailed examination is still in progress and will be summar-
ized in a more extensive paper in the near future.
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ABSTRACT

A tentative model is proposed to account for some features of the microwave
millisecond spike emission and its links with the physical processes of associated
phenomena during the impulsive phase of large flares by comparing the optical,
radio and X-ray observations on May 16, 1981 to those on October 12, 1981.

I. INTRODUCTION

The emission of short duration (1-100 ms), high brightness temperature
(z_lo‘*" K) spikes at microwave frequencies during the impulsive phase of some solar
flares is now well established [1,2]. The occurrences of these spikes may give us a
clue to the physical process of microwave millisecond spike emission(MMSE) linked
with its associated phenomena.

On the basis of the observations described in [1], Melrose and Dulk (1982)
discussed the relation between the physical processes generating MMSE and hard X-ray
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bursts. They suggested that MMSE was caused by the loss-cone driven electron-cyclo-
tron maser in a flaring loop [3]. In this paper, we go further to find the physical
processes of the MSE and its links with associated phenomena druing the impulsive
phase of some solar flares, but the MMSE is considered to be excited by the electron-
cyclorton instability associated with a hollow beam of electrons [4].
We have analysed two major flare-burst events of May 16 and October 12, 1981.
The following observational data during the impulsive phase of these two flares were
used for comparison.
(1) Radio observations made at 2.84 Giz with the time resolutions of 1 second
and 1 ms at the Beijing Observatory,
(2) Haq and photospheric magnetic field observations made at the Yunnan
Observatory,
(3)Hard X-ray burst observations made on Hinotori (by courtesy of Dr.K.Tanaka)
(4) Radio spectra for type III and type IVperM bursts published in Solar-
Geophysical Data.
All the data staed above are summarized in Table 1.

II. A GENERAL DESCRIPTION OF THE TWO FLARE-BURST EVENTS

As shown by Table 1, there existed some similar features between these two
events, such as the coincidence with Hy flares of importance 3B, two-ribbon flares,
magnetic configurations of type & and photospheric magnetic intensities 22500G.
However, we can see in the following their significant characteristics different
from each other.

1. There appeared strong MMSE's (T, z_lo'r K) during the first event (1981 May
19) but appear during the second (1981 October 12).

2. A lot of intense decimetric bursts of type IIIg , type III; and type IVpcrm
occurred during the first event, but no decimetric burst and only weak metric bursts
occurred during the second.

3. Although only the decay phase of hard X-ray bursts was recorded on Hinotori
for the first event, the peak values (counts per second) of hard X-ray bursts for
the first event still far exceeded those of the second in the same energy range.

4. However, the peak flux density of radio burst at 10.6 cm in the second
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event is about six times larger than that in the first.

ITI. THE MODEL AND KEY PROCESSES

It has been pointed out in [2,6] that after the main phase of the microwave
burst there still appeared MMSE's. This means that the fast electrons generating
the microwave bursts and those exciting MMSE's do not come from the same source.
Furthermore, the simultaneous observations of hard X-ray bursts by SMM and high
resolution microwave observations by VLA indicate that the sources of these two
bursts are mot coincident with each other in gpace.

On the basis of these observations and a comparison between the two flare-burst
events stated above, we propose a tentative model to account for the links of the
physical processes of MMSE's with their associated phenomena as follows (Fig.1l.).

1. During the impulsive phase of large solar flares, there probably appear two
acceleration regions, One (region A) of them formed in the current sheet by a tear-
ing mode instability is located over the top of the flaring loop, the other (region
B) is established just at the top of the flaring loop by turbulence acceleration.

Regions A and B are also the energy release regions.

2. A stream of fast electrons escaping outward from region A along open field
lines is able to excite type III bursts with a negative frequency drift under
certain conditions, while the other stream injected downward with a certain incident
angle into the flaring loop is capable of establishing an anisotropic pitch angle
distribution of "hollow beam" and stimulate an electron-cyclotron maser to radiate
MMSE's or generate type IVpcxM bursts with positive frequency drift. As soon as the
fast electrons radiate away energy in the direction perpendicular to the magnetic
field, they immediately precipitate into the transition region or the chromosphere,
collide with the surrounding plasma and emit hard X-ray bursts (thick target model).

3. The background radiation, i.e. microwave radio bursts superimposed by
MMSE's, is generally accepted as a gyrosynchrotron radiation emitted by nonthermal
electrons, gyrating about field lines, with an isotopic pitch angle distribution
and power law energy spectrum. The microwave burst source is located in region B at

the top of the flaring loop.
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Fig. 1. The large microwave burst at A = 10.6 cm
and hard X-ray bursts recorded by Prognoz 8
satellite during the large flare-burst event
of 1981 May 16 [5].

IV. EXPLANATION AND DISCUSSION

1. According to a quasilinear theory, the general formula for the growth rate
at s-th harmonic for wave in the magneto-ionic mode is [3, Appendix B]
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where p = (pg + p? )/‘i= rmv is the electron's momentum, c«)3=—f—,7% is the electron-
cyclotron frequency, and L and #¥ denote components of wave number and velovity to

the direction of the magnetic field B, py, = pcosf , Pa = psin}: ' andf is the pitch
angle, r is the Lorentz factor.

It can be shown [8] that the sign of the integrand is determined by the sign
of

Df msbda a +‘ﬁ.,, bf,)f(ﬁ,_ ﬁ) 2)

Positive contributions to Df favour the growth and negative contributions favour
the damping of the waves.
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Suppose that the distrioution function of nonthermal electrons with an isotro-
pic pitch angle and power law energy spectrum for gyro-synchrotron radiation can be
written as in [9, 10]

fip)= %— %)—’[H(-—%)z]'x[./w(;?d‘—l ]‘3 3)

here G is a constant and g is the spectral index, g >0. one obtains %‘40 , SO that

B(()< 0. Therefore, the distribution function of fast electrons in expression (3)
is capable of producing gyrosynchrotron radiation of microwave bursts [9, 10] but
it can not amplify the s-th harmonic waves and generate MMSE's.

Just on the contrary, the "hollow beam' distribution of fast electrons favours
the growth of waves and leads to the generation of MMSE's [4].

2. The distribution of the pitch angles of the electrons injected from Region
A to Region B on top of the magnetic arch is determined by the distance D between A
and B. If D is sufficiently large, then the distribution is isotropic; otherwise,
it will be anisotropic. This is because, the large the D, the greater will be the
diffusion of the electrons; the smaller the D, the more restricted will be the angle
of injection of the electron beams.

Table 1 shows that, for the event of May 16, the Type III bursts began in the
decimetric wave range (aroung 60 cm, corresponding to a plasma frequency of 500 MHz,
and a height of 23 x104-km above the photosphere, see below). For the Oct. 12 event,
they began in the meter wave bands (e.g., 2 m, corresponding plasma fregquency
150 MHz and height 2.3 x 10 km above photosphere). Since both events have the same
type photospheric magnetic field with strengths Z 2500 G, for both then, we may
regard the microwave (10.6 cm) burst source in Region B at the top of the magnetic
arch during the impulsive phase of the flare to have about the same size (or 10” ).
It then follows that the angle of the cone subtended by the electron beams issuing
from Region A (the height corresponding to the starting frequency of the Type III
burst) must greater than 24°20' for the earlier event in order to achieve isotropic
distribution, and need only 1°58' for the later event. Clearly it is easy to a beam
ejected at A to be diffused through the collision with the background particls into
a cone as small as 1°58' when reaching B. Thus, for the later event, of October 12,
the electron beams injected from A into B had an isotropic distribution of pitch
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angle and so could not generate any spike emission or intense x-ray bursts. But
such isotropic beams would add to the isotropic electrons in Region B and greatly
increase the gyro-synchrotron radiation, hence the more intense at 10.6 cm.

For the earlier event of May 16, the Type III burst was strong, its starting
frequency was high, the generating electrons had high energies, the downward
injected beam was energetic and difficult to disperse, making the incident cone far
below the value of 20°20' required for isotropization. The beam, then, was a
"hollow-beam" and so generated intense spike emission and also led to strong bursts
in hard X-ray. According to the radio dynamic spectrum measured at Dwingloo 5,
during the impulsive phase, this event (May 16), at about 0814.5 UT, a Type III
burst with a negative frequency drift appeared in 300-380 MHz, and at same time,
one with a positive drift appeared in 509-666 MHz. This observed fact shows
certainly that Region A in the neutral current sheet can simultaneously eject both
one upward (towards the outer corona) and an inward (toward the coronal base)
electron beam§, It was estimated that the electron density in this acceleration
region was about 3x104 km above the photospere.

3. Type III; bursts are the type III bursts (<4 10) appearing in groups. In
the event of 1981 May 16, the MMSE's recorded at wavelength 10.6 cm often happended
in a group-like type IIIG burst. Since the radiating electrons of type IT1g bursts
and MSE's escape from the same acceleration process. Probably, the duration of
each group of MMSE's corresponds to that of each subburst in type III burst. The
switch-off structure of MMSE's in [2] corresponds to the interval between two
subbursts and the switch-on structure manifests the start of a group of MMSE's due
to the injected electrons with a "hollow beam” distribution.

As can be seen in Table 1, an intense type-III burst appears from 0810 to
0816.2UT. It might be in correspondence with the significant switch-off and switch-
on structures of MMSE's at about 0815UT during the rising phase in micro-
wave burst (at 10.6 cm) of May 16, 1981.

About 0814.5UT in the band 300-480 MHz, type III bursts with negative fre-
quency drifts of about 100MHz/sec were observed with Dwingloo radio-spectrograph,
while at the higher frequencies 509-666 MHz positive drifting bursts about
+ 50 MHz/sec occurred [5]. This is a strong evidence indicating the simultaneous
acceleration of electrens upwards and downwards. The electron density in the
acceleration region was estimated to be 3 x 10 2 cm~3 and the corresponding
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height about 2.3 x 10% xm.

5. Because the radiating electrons of hard X-ray bursts and type III bursts
come from the same acceleration region A, the key problem is whether these electrons
possess enough energy to radiate MMSE's and hard X-ray bursts. We should answer this
question by evaluating the energy of these nonthermal electrons which may producs
type III bursts.

Type III bursts present a rapid drift from high to low frequencies at a rate
described in [11].

A 84 ,
__Z{-:(—o.ol)f ()f Pt MH3 ) “)

Generally speaking, Type III emission is ascribed to the scattering of
Cerenkov plasma waves produced by fast electron streams. It is believed that most
type III bursts are observed at the second harmonic of the local plasma frequency

f:ZJ[P = 2% 898 x 107 J[NR) (5)

where R(t) represents the position of type III burst source at instant t. N(R) is
the local electron density in cm=3.
From equation (7), the drift rate in frequency can be expressed as

4 ©)

N
where %lq( is the gradient of coronal electron density and %% = v is the velocity
vector of the fast electron stream. If @ is the angle between % and v, and § the
angle between the line of sight and the direction of the electron stream, then for

a relativistic electron stream and because of Doppler effect and [)'2<< 1, we can

obtain approximately fv = —’:?E%:’_g . From Equation (6), the ratio ’}E'): = p can be
given by a
{3(9;?) = TCosOFaces§ (7)
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For simplicity, we assume that the electron density of the corona is in
spherically symmetric distribution and the fast electron streams move outward along
the radial direction.
When § =9 = 0, we have

p‘ -—l-_,‘-_%‘_' (.9)

The energy of the fast electrons producing type III bursts is given by

és(_ﬁ_;:‘___/;;_..,)x511 Kev (10)
Moreover, we use the model of N(R) for solar maximum activity fiven by Table 2 of
reference [12]. Finally, the kinetic energy of fast electrons producing type III
bursts for different frequencies is shown in Table 2.

If § and § are not equal to zero, the value of /S(a,f) evaluated from equa-
tion(7) must be larger than that from equation (9) with the same frequency. Hence
the energy of fast electrons increases. Therefore, as long as the fast electrons
injected downward from acceleratiom region A possess the same energy as those
exciting type III bursts, they are still abl@ to produce hard X-ray bursts as those
recorded on "Hinotori" or on Prognoz 8 satellite even after losing some energy
about tens of kev due to MMSE's.

Table 2. Energy of fast electrons producing type
III bursts at different frequencies

f(MHz) 600 300 200

é (KeV) 11.24 69 34

V. CONCLUDING WORDS

Based on our model and the mechanism of electron-cyclotron instability
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associated with a hollow beam of electrons, we have explained why there occurred
strong MMSE's during the event of 1981 May 16 and why there appeared no MMSE but
more intene microwave bursts at 10.6 cm during the event of 1981 October 12.
Furthermore, we have shown that there exist some intimate links of MMSE's with
their associated phenomena in the physical processes of generation and evolution
during the impulsive phase of large flares. Obviously, the discovery of these links
with ge another is important for clarifying the mechanism of large flares.
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Abstract. The microwave radiation from solar flares sometimes shows short and
intensive spikes which are superimposed on the burst continuum. New
observations at 3.47 GHz with high temporal and spectral resolution have
revealed lifetimes of less than 10 ms and bandwidths between 0.5 and 200 MHz.
Simultaneous measurements at two further frequencies showed no coincident
spikes at the second and third harmonic. The spikes can be explained by the
theory of electron cyclotron masering if the observed bandwidths are
determined by magnetic field inhomogeneities or if the rise times are
independent of the source diameters. The latter would imply source sizes
between 50 and 100 km.

1. Introduction

Millisecond microwave spikes are intensive and very short fine structures
which are occasionally superimposed on the microwave continuum of solar flares
(Figure 1). They have mainly been observed at the lower end of the microwave
spectrum up to ~6 GHz (Droge, 1977; Slottje, 1978 and 1980; Zhao, 1983;
Stdhli and Magun, 1985). The duration of most of the spikes was reported to
be shorter than 20 ms and the deduced brightness temperatures of the spikes
were in the range between 10" and 10™K. 1In order to resolve and study the
spectral and temporal fine structures of millisecond spikes a digital
spectrometer with a time resolution of 5 ms was constructed (Stahli, 1983).
Its center frequency was set at 3.47 GHz and its total bandwidth of 200 MHz
was continuously covered by 30 channels with bandwidths varying between 0.5
MHz and 30 MHz. The frequency range was extended by two fixed frequency
polarimeters at 3.1 and 5.205 GHz. For the simultaneous observation at the
second and third harmonic of the gyrofrequency the latter was chosen at 3/2 of
the spectrometer center frequency.
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Fig. 1. Typical time profile of a solar radio burst at 3.2 GHz with
superimposed millisecond spikes. The integration time is 100 ms.

In this paper new spectral observations of microwave spikes which were
obtained with our fast spectrometer are presented and the proposed
gyrosynchrotron maser emission tested. The concept of harmonic radiation by
electron-cyclotron masers (Holman et al., 1980; Melrose and Dulk, 1982; Sharma
et al., 1982) provides a plausible explanation for the observed
characteristics of the spikes.

2. The spectrum of millisecond spikes
2.1. Observations

Between August 1982 and May 1983, 107 events have been observed, of which
14 exhibited microwave spikes. The fine structures appeared either as single
spikes or in groups (Figure 2). The duration, rise and fall times of most of
the spikes were between 5 and 10 ms. These values correspond to the
instrumental resolution of 5 ms and we therefore believe that the temporal
structures of these spikes could not be resolved.
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Fig. 2. Dynamic spectrum of millisecond spikes with subtracted continuum. The
event of December 25, 1982 was observed with an integration time of 5
ms and a spectral resolution between 0.5 and 30 MHz.

The brightness temperatures of single spikes were derived from the rise
time and the intensity under the assumption that the growing wave within the
source propagates with the speed of light. Temperatures usually exceeded 10%°
K but were always below 10** K. The bandwidth of the spikes varied from less
than 0.5 MHz to more than 200 MHz. However, the bandwidth must be smaller than
approximately 300 MHz because no simultaneous spikes have been observed with
the spectrometer centered at 3.47 GHz and the nearest single frequency
polarimeter at 3.1 GHz. Additionally, no spikes were found to occur
simultaneously at the second and third harmonic of the local gyrofrequency.

2.2. Discussion

The spectral data has been used to test the cyclotron maser theory
(Melrose and Dulk, 1982). It predicts spike emission mainly slightly above the
second or third harmonic of the local gyrofrequency with brightness
temperatures up to 10** K and very short rise times. The work of Melrose and
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Dulk (1982) was used to derive relationships between observed spike parameters
as flux density, brightness temperature and bandwidth, which are suitable for
testing the proposed emission mechanism. Because of the many free parameters
describing the loss cone and the ambient plasma only approximate formulae were
used.

The relationship between brightness temperature T, and relative bandwidth

awls of the growing wave in the source was derived from (16) of Melrose and
Dulk (1982):

T, 2 m m} (zg?ifﬂié
L ]

b
where v, : mean velocity of the m ¢ electron mass
radiating electrons
c ¢ velocity of light w ¢ frequency
r, : classical electron radius L : trap length

With %’-svflcz, {—;— =3 GHz and L = 10*° cm this reduces to

15 Aw
~ )

which 1s a linear relationship between the brightness temperature and the
relative bandwidth of the spikes under the assumption of a homogeneous source.
The above expression is only valid if the saturation is due to the fundamental
radiation which usually grows fastest. A recent and more detailed analysis of
the growth rates (Winglee, 1985) has shown that for“%ﬁi> 0.5 the second
harmonic dominates. This would lead to even higher brightness temperatures
than given above.

T, [K] = 10

The scatterplot (Figure 3a) shows the derived brightness temperatures and
the relative bandwidths of the observed spikes, which were resolved in time
and frequency. Relationship (1) is represented by a dashed line. It is
obvious that the two parameters are uncorrelated in contrast to the
prediction. The deduced temperatures are too low or the relative bandwidths
are too large for which several explanations are possible: 1) Larger observed
bandwidths than predicted could be due to magnetic field inhomogeneities
within the source whose influence is not included in the theory. 2) The low
brightness temperatures could be the result of overestimated source sizes. In
this case source diameters and observed rise times must be uncorrelated which
is for instance true if the latter is determined by the dynamics of the
electron distribution.
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Fig. 3. Scatterplots of derived brightness temperature (a) and observed flux
density (b) versus the relative bandwidth of observed spikes. The
dashed lines represent the theoretical approximations. d is the
source diameter.

In order to avoid the assumption of correlated source sizes and rise
times the observed flux density of the same sample of spikes was plotted
against the relative bandwidth (Figure 3b). The theoretical relationship for
different source diameters was derived from (1) by using the Rayleigh-Jeans
approximation:

S [SFU] zdzlkm]‘% (2)

S ¢ flux density in SFU d : source diameter in km
&2: relative bandwidth

If we assume that the bandwidth is not determined by inhomogeneities and the
rise time does not depend on the source geometry, diameters between 50 and 100
km could explain most of the spikes.

These first observations of the spectral fine structures of millisecond
spikes establish several new features. However, they also indicate that for a
detailed analysis, better observations with higher temporal and spectral
resolution including circular polarization are essential. For further
investigation of the important electron spectrum it is also necessary to
correlate microwave data with spike observations in other spectral ranges
(hard X-ray, decimetric radio waves).
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1. Introduction

The use of data recording systems having milli-second time resolu-
tion for solar radio observations has revealed the presence, at both
decimeter and centimeter wavelengths, of spikes and intensity fluctua-
tions having durations of tens of ms. If the associated mechanical dis-
turbances propagate at the Alfven speed then such time-scales imply
spatial dimensions of the order of 100 km. Indications of bright radio
sources having such compact dimensions are of considerable interest in
the study of solar plasma processes, so there would be great value in
being able to determine the properties of the sources directly, rather
than by inference.

The required angular resolution is beyond the reach of single
antenna radio telescopes or of connected-element interferometers. The
only observing technique currently available which will yield the
required angular resolution is that of Very Long Baseline Interferometry
(VLBI). Since this technique was developed primarily for the observa-
tion of extra-galactic and other sources having intensities varying
slowly with time, it does not lend itself well to the study of
transient, solar phenomena. Subject to certain restrictions however, it
can be used for solar studies. A general discussion of (non-solar) VLBI
is given in Meeks (1976).

There are two areas of particular applicability, namely the study
of the initial plasma instabilities in solar flares, and of the sources
of the milli-second spikes observed at decimeter wavelengths. The work
so far has been mainly with respect to the former application.

2. Current Work

In April, 1981, radio telescopes at Dwingeloo (The Netherlands) and
Onsala (Sweden) were used as a long-baseline interferometer at a wave-
length of 18 cm. The baseline of 619 km gave a spatial resolution on
the sun of about 45 km. The experiment and results are described by
Tapping et al, (1983). Strong suggestions were obtained of the occur-
rence of multiple sources of short duration ( 4 0.2s) during a small
solar burst., If the maximum size of the sources was 45 km, the inferred
brightness temperature was at least 10 21( at 18cm wavelength. 1In 1984 a
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further experiment was made by the same workers, this time using one of
the antennas of the Westerbork Synthesis Radio Telescope (The Nether-
lands) in conjunction with a radio telescope at Onsala. Several bursts
were observed, some strong and at least two showing transient, spike
structures, so therefore good candidates for compact sources. The
results are still being analyzed.

3. The Technique

A detailed discussion of the major problems of Solar VLBI and its
associated problems is given by Tapping (1985); only a few notes will be
given here. There are four major difficulties to be encountered in
Solar VLBI which are not encountered in non-solar VLBI:

(a) The position of the source cannot be predicted to within arc-
minutes. The experiment must be designed to accommodate the ex-
pected values of the positional errors.

(b) The source is moving. Besides the annual motion of the sun against
the celestial sphere, and the solar rotatiom, the source may have
an intrinsic velocity. This is a consequence of the flare event
itself and cannot be predicted.

(c) On the basis of the 1981l results and the inferred sizes of spike
events, the lifetime of the sources is likely to be less than the
cycle time of the processor,

(d) The source has to be observed against the bright background made up
by the solar disc emission and the contributions from resolved
sources in the parent flare,

In order to process the data, an estimate of the position and
motion of the source is required. The receiver bandwidth used must be
sufficiently small that the error in the estimate of the source position
lies within the acceptance range of the processor. Since the processor
operates on the assumption that the source is fixed to the celestial
sphere, a compensating "incremental fringe rate" must be used to correct
for the motion of the source against the sky. The annual solar motion
and the solar rotation are easily calculable, but the iatrinsic source
velocity is usually unknown. The processors now in use can accommodate
the contribution to the fringe rate for the velocities observed for Type
I1 events. Coansequently this component can be ignored with reasonable
safety.

Since the sources can have a duration shorter than a processor
cycle time, the correlated amplitudes may be considerably degraded even
within the correlator cycle. No integration of multiple cycles can be
carried out. Also, the rate of change of fringe phase cannot be
determined. Thus, only the correlator delay can be used to estimate the
position of the source. With only one antenna baseline, only one source
coordinate can be measured accurately.
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The sources studied in non-solar VLBI are usually observed against
a cold sky; the system sensitivity is determined by the receiver and
signal processing hardware, In the solar case the source appears
against the bright solar disc, and against a background of emission
components from resolved sources in the flare. Accordingly, the system
sensitivity is quiﬁg poor (in the 1981 experiment, a source brightness
of the order of 10'%K yielded a signal to noise ratio of about unity).
The bandwidth must therefore be as large as possible in order to
maximize the system sensitivity. 1In the experiments carried out so far,
only single interferometer baselines were used. In the 1981 experiment,
the Westerbork Synthesis Radio Telescope was used at 6cm wavelength,
simultaneously with the VLBI observations. It was intended that
positional information may be obtained which would facilitate the
analysis of data. One of the major difficulties in the analysis of the
1984 experiment has been the absence of collaborative data from which
estimates of source position within the active region can be obtained.

'R Further Observations

There is a real need for further observations. However, unlike the
experiments done so far, multiple baselines should be used. These will
provide confirmation of the occurrence of sources. If the baselines are
at an angle to each other, estimates of the position and spatial size in
more than one dimension of the sources will be available, The sources
detected in the 1981 experiment had durations small compared with the
processor cycle time, there can be no reliable estimates of the dif-
ference between the estimated and actual fringe rate. This residual
fringe rate component can be used to estimate one of the components of
the source position, However, even if the residual fringe rate can be
determined, in the case of single baseline measurements it is not
possible to separate the contribution due to the source position and
that due to source motion. The use of multiple baselines would make it
possible to determine the source positions from measurements of delay
alone. Any estimates of the residual fringe rate can then be used to
estimate the source velocity and direction.

The more accurate the estimate of the source position that can be
used for the data correlation and processing, the more it is possible to
design the experiment for maximum sensitivity. The use of a high reso-
lution, real-time synthesis instrument such as the Very Large Array in
parallel with the Solar VLBI observations would provide high quality
observations of the burst position. It would also give information
concerning the relationship of the compact sources to the larger compo-
nents of the burst emission. Solar VLBI has considerable potential in
the study of solar plasma processes, so despite its limitations and the
difficulty in its application, further experiments will be highly worth-
while.
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ABSTRACT

i The National Geophysical Data Center archives data of the solar-

1 terrestrial environment. The USAF Radio Solar Telescope Network (RSTN) data
allow performance of time series analyses to determine temporal oscillations
as low as three seconds. For our study, we selected the X13/3B flare which
erupted in region 4474 (S12E43) on 24-25 April 1984. The soft X-rays, 1-8 A,
remained above X~levels for 50 minutes and the radio emissions measured at
Learmonth Solar Observatory reached a maximum of 3.15 x 105 SFUs at 410 MHz
at 0000 UT. A power spectral analysis of the fixed frequency RSTN data from
Learmonth shows possible quasi-periodic fluctuations in the range two to ten
seconds. Repetition rates or quasi-periodicities, in the case of the power
spectral analysis, generally showed the same trends as the average solar

radio flux at 245 and 8800 MAz. The quasi-periodicities at 1415 MHz showed
no such trends.

1. 1Introduction

Solar radio emissions in the microwave range have been monitored for
many years, but only within the last 20 years have investigators realized the
rapid fluctuations superimposed on these bursts were not 'moise" or
interference. Since then, several physical mechanisms have been proposed to
explain these rapid fluctuations. They may be caused by a modulation of the
source radiation by waves or oscillating magnetic fields, or by quasi-
periodic accelerations of electrons or successive occurrences of elementary
bursts either in a single or several source regions (Zodi et al. 1984). The
last two proposed explanations will be resolved with improved spatial
resolution of the recording instruments. The first explanation involves
several mechanisms of solar physics which may be distinguished by their
fundamental periods as they give clues to the scale of the emitting source.

Zodi et al. (1984) separated these quasi-periodic pulsations into

categories. The first, and most common, class occurs in chains of a few
pulses (not more than a few tens of pulses) separated by nearly constant time
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intervals such as the burst analyzed by Parks and Winckler (1969). A second
class consists of long-lasting uniform oscillations which persist throughout
the event, such as the 28 March 1976 burst examined by Kaufmann et al.
(1977). The third class consists of the extremely fast (tens of milli-
seconds) structures superimposed on mm-microwave bursts, with repetition
rates (quasi-periodicity) that are directly proportional to the average flux
level (Zodi et al. 1984).

These quasi-periodic fluctuations have been detected over a broad range
of periodicities. Kaufmann et al. (1984) detected some of the finest
structure yet with a periodicity at 30-60 ms and a "slow" structure at 1 s,
whereas, Cribbens and Matthews (1969) reported a periodicity of 385 +15 s.
Quasi-periodic fluctuations in the range 2-10 8 have been reported by many
authors (Janssens et al. 1973; Kaufmann et al. 1972; Cliver et al. 1976;
Gaizauskas and Tapping, 1980; Urpo et al. 1981; Kaufmann et al. 1977; and Zodi
et al. 1984).

This RSTN data set was chosen for several reasons. Although the RSTN is
of fairly low resolution, 1 s, compared to Itapetinga recordings, it has
provided a nearly continuous, 24-hour record of solar radio emissions since
1981. Also, the RSTN data is readily available from the NGDC in Boulder,
Colorado, USA. Additionally, most studies of quasi-periodic bursts have used
microwave bursts with peak fluxes on the order of hundreds of SFUs (1 SFU =
1022 watts/m2/sec) or less and durations of minutes; whereas, the burst
presented here had a peak flux on the order of a few hundred thousand SFUs
at 245, 410 and 610 MHz and a duration of hours. This burst also had very
distinct impulsive and gradual phases. The length of the burst gives a
sufficiently large number of data points to analyze for "true" periodicities
in considerable detail using power spectral analysis techniques at various
stages of the burst. Finally, although the data is not of sufficient
resolution for "quasi-quantization" studies, the temporal resolution is
sufficient for studies of "elementary" bursts with durations of 5-20 s
(Sturrock et al. 1984) and "quasi-periodicity" in the range of seconds to
hours.

2. Equipment

The RSTN network monitors the Sun with an analog sweep frequency
recorder and at eight discrete frequencies, i.e., 245, 410, 610, 1415, 2695,
4995, 8800 and 15400 MHz. It consists of three observatories: Sagamore Hill,
Massachusetts (actually a prototype RSTN site); Palehua, Hawaii: and
Learmonth, Australia. Except for a "window" over Europe, these sites provide
nearly 24-hour coverage of solar radio emissions. The RSTN discrete
frequency radio telescopes monitor the power output of the solar disk and not
just for a specific region. The system consists of an automatic tracking
antenna system, a radiometer, an automated "event" detection system and an
analog recording system. The radiometers employed in the RSTN system are
Dicke radiometers and are designed to automatically compensate for rapid gain
changes within the equipment. The Dicke operates at a 500 Hz rate and is
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located between the antenna signal and the matched load, a 50 ohm precision
noise source. The RSTN system uses shielded coaxial cable for frequencies
below 8800 MHz and precision wave guides for 8800 and 15400 MHz to transfer
the energy from the feed to the receiver system. The 30 MHz intermediate
frequency (IF) section within each receiver limits the signals to an
approximate 8 MHz bandwidth.

The lower frequencies (245-1415 MHz) have double IF amplifiers to provide
approximately 55 dB gain for the medium and low gain channels and 99 dB gain
for the very high and high gain channels. The output from the 30 MHz IF
amplifier is detected and filtered to extract the audio modulation introduced
by the action of the RF switch by the lock-in amplifier. Details are listed
by frequency in Table 1 (Air Weather Service Pamphlet 105-61).

Table 1
A summary of technical data for the discrete frequency
radiometers and their associated antennas.

Frequency  HPBW Antenna Effective Efficiency Maximum
(MHz) (deg) Diameter (m) Bandwidth (MHz) (¢9) Flux (SFUs)
15400 1.49 0.9144 14 45 50, 000
8800 - 976 2.4384 14 22 50, 000
4995 1.72 2.4384 14 31.5 50, 000
2695 3.187 2.4384 7 45 50, 000
1415 6.115 2.4384 7 50 100,000
610 4.068 8.5344 2 50 500, 000
410 6.0 8.5344 2 53.2 500, 000
245 10.09 8.5344 -2 55 500, 000

3. Data and Data Reduction

Although we had data for all eight frequencies from about 30 minutes
before the event to four hours after the burst maximum, we selected only
three of the frequencies (245, 1415 and 8800 MHz) and limited our analysis
interval to no more than 15 minutes (900 points). We also limited the
analysis to four intervals: the preburst or interval A, the impulsive rise or
interval B, the post-maximum or interval C, and the gradual or interval D.
Figure 1 shows the general trends of the entire burst for the three frequenies
produced from 20-second averaged data from 2330 UT on 24 April to 0400 UT on
25 April. The analysis intervals are 15 minutes each except for interval B
where the duration depends on the implusive rise to maximum time.

Data quality should be good. The relative values used are reportedly

accurate to within 1 SFU (Near 1985). As mentioned in the previous section,
the equipment automatically attempts to remove system noise. In addition,
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Figure 1. Plots of the 2/-25 April 1984 radio burst using
20-second averages at 245, 1415 and 8800 MHz. Data from

Learmonth, Australia.
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since Learmonth is remotely located in northwest Australia (Exmouth), local
interference should be minimal. Finally, since the RSTN system measures the
flux of the whole disk, pulsations due to the antenna beam oscillating across
a fixed source, as region 4474, are not a factor. Unfortunately, this also
introduces uncertainty as to the source of the pulsations. However, except
for the preflare interval (A), the average flux 1s on the order of a few
thousand SFUs and any emission from nonflaring regions should be negligible.
Higher-time resolution plots of intervals A-D are shown in Figures 2-5.

The data were filtered to remove all periodicites greater than 10 s.
This was done for two reasons. The first, and most obvious, reason is that
we were only looking for periods on the order of two (the Nyquist frequency)
to ten seconds. The second reason involves the desire to know whether the
peak is at or below the 95% confidence level, which is shown on the
normalized Fourier power plot. Unfortunately, once a peak drives the trace
above the 957 confidence level, the confidence level of subsequent peaks is
uncertain. Therefore, we wanted the first peak to exceed the 95% confidence
level to have a periodicity of 10 seconds or less. In an attempt to resolve
peaks of less than five seconds when there was a significant peak between 5
and 10 s, we also filtered out all periodicities greater than 5 s for
intervals C and D.

4. Data Analysis

The Fourier power spectrum, the normalized Fourier power spectrum, and
the maximum entropy spectrum analysis (MESA) were estimated for each frequency
for each interval using the filtered data. The Fourier power spectrum and
normalized power spectrum are used to determine, statistically, whether a
glven peak is significantly above background noise. The maximum entropy is an
attempt to measure the degree to which the randomness of the data has been
lost or gained by using power spectral analysis. Nine hundred points (15
minutes) were used as input to the filter routine. However, since the filter
reduces the number of points, only 850 points were input into the power
spectral analysis program, except for interval B. As part of the power
spectral program, the significance was estimated both by the Fisher statistic
and the 957 confidence interval in the normalized Fourier power plot.

To check for any dominant preflare periodicities due to system,
environmental, or local sources, interval A was included as ome of the power
spectral analysis intervals.

Following the Fourier analysis, we went back into the data plots to
locate the "quasi-periodicities" found in Tables 2-3. This was done by
measuring the peak to peak temporal spacing. We then marked those peaks
which closely (+ .5 8) agreed with the Fourier "quasi-periodicities".
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Preflare interval (interval A) for 245, 1415 end S200
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Figure 3. Impulsive Rise (interval B) for 245, 1415 and 8800
MHz. Data are at 1-second resolution from 2350 UT on 24 April to

0005 UT on 25 April.
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Figure 4. Post-meximm (intervel C) for 245, 1415 and 2200 MHz.
Data ere at 1-second resolution from 0000 UT to 0015 UT on
25 April.
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Data are. at 1-second resolution from 0115 UT to 0130 UT on
25 April.

223



5. Results

For interval A, no periods with a 95X or greater confidence level,
hereafter referred to as significant, occurred at 410 or 610 MHz. The
maximum peak at 1415 MEz did not prove significant, but a secondary peak at
3.7 s did prove significant. Maximum, significant periodicities ranged from

3.7 to 8.2 8. A summary of the preflare interval (interval A) is found in
Table 2.

Table 2
Summary of significant periods for interval A and whether they are
significant based on the Fisher statistic and normalized power spectrum.

Quasi-

Frequency Interval Period (sec) Fisher Normalized
245 2330-2345 7.02 Yes Yes
410 2330-2345 None

610 2330-2345 None

1415 2330-2345 3.7 Unk Yes
2696 2330-2345 8.17 Yes Yes
4995 2330-2345 4.78 Yes Yes
8800 2330-2345 8.02 Yes Yes
15400 2330-2345 6.2 Yes Yes

For the impulsive phase (interval B), we did not have a sufficient
number of data points at 245 (30 points) and 1415 MHz (100 points) to give
significant results. Therefore, the results at these two frequencies will
not be presented. We did have a sufficiently large number of points at 8800
MHz (220 points) and found a double peak in the Fourier power curve around
6.8 8, which did prove significant (Figure 6). Interval B results are
summarized in Table 3.

The post-maximum interval (interval C) was analyzed in two runs. In the
first run, the data was filtered to remove periodicities greater than 10 s;
in the second, periods greater than 5 s were filtered out. In the first rum,
significant peaks occurred at 8.4 8 and 9.8 s for 1415 and 8800 MHz,
respectively. The peak at 5.03 8 was not significant using the Fisher
statistic, but did prove significant using the normalized Fourier power plot
(Figure 7) and the maximum entropy plot. 1In the second run, significant
peaks occurred at 2.1 s, 4.4 s, and 3.3 8 at 245, 1415, and 8800 MHz,
respectively. See Table 3.

Interval D was analyzed using the same techniques as interval C. For
the first run significant peaks occurred at 7.7 and 8.1 8 for 245 and 1415
MHz, respectively. The significant peaks during the second run were 3.9 s
based on the Fisher statistic, Fourier power spectrum, and the maximum
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Figure 6. Fourier power spectral plot for 8800 MHZ
during the Impulsive phase or interval B. Data have
been filtered to remove periodicities greater than

10 s. Data are at 1-second resolution from 2357.2 UT
on 24 April to 0000.87 UT on 25 April.
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Figure 7. Cumulative Fourier power spectrum plot

for 245 MHz during the Post-maximum or interval C.
Data has been filtered to remove periodicities greater
than 10 s. Data are at 1-second resolution from
0000.7 UT to 0014.87 UT on 25 April. The portion of
the curve above the upper diagonal line is significant
at the 95% confidence level.
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entropy plots (Figure 8); but it was 3.1 s based on the normalized Fourier
power plot. The peak at 1415 MHz occurred at 4.0 s. No significant peaks
were noted at 8800 MHz.

Table 3
Summary of significant periodicities for intervals B, C and D and
whether they are significant based on the Fisher statistic and the normalized
power spectrum.

Quasi-

Frequency Interval Time (hhmmss) Period (sec) Fisher Normalized
8800 B 235712-000111 6.8 No Yes
245 Cc10 000042-001541 5.03 No Yes
245 Cc5 000042-001541 2.1 Unk Yes
1415 C10 000216-001715 8.42 Yes Yes
1415 C5 000216-001715 4. 45 Unk Yes
8800 cl0 000111-001610 9.77 Yes Yes
8800 C5 000111-001610 3.32 Yes Yes
245 D10 011500-013000 7.66 Yes Yes
245 D5 011500-013000 3.95 Yes Yes
1415 D10 011500-013000 8.09 Yes Yes
1415 D5 011500-013000 4.67 No Yes
8800 D10 011500-013000 None

8800 D5 011500-013000 None

Although crude and not nearly as complete as the Fourier analysis. the
peak to peak measurements did yield some interesting results. First of all,
those peaks exhibiting the "quasi-periodic" oscillations indicated by the
Fourier analysis generally occurred in pairs, and were very rarely organized
into groups of more than three successive pulses. Notable exceptions to this
generalization occurred at 1415 MHz beginning at 0013.36 UT (Figure 9), and
at 8800 MHz beginning at about 0012 UT (Figure 10) on 25 April 1984. 1In the
first case (1415 MHz), there were five peaks spaced at approximately 8.4 s
intervals, and in the second case (8800 MHz) there were four peaks spaced at
approximately 9.8 s intervals. Secondly, the longest "quasi-periodic"
episode lasted on the order of one minute, which was considerably shorter
than our 15 minute analysis intervals. Finally, we noted intervals where two
"quasi-periodic" episodes were occurring simultaneously though out of phase
with respect to each other (Figure 11).
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Figure 8 . Maximum entropy plot for 245 MHz during
the Gradual phase or interval D. Data has been
filtered to remove periodicities greater than 5 s.
Data at l-second resolution from 0115 UT to 0129.17 UT
on 25 April.
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Figure 9. Quasi-periodic pulses at 1415 MHz.
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RSTN SOLAR RADIO FLUX
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Figure 10. Quasi-periodic pulses at 8800MHz. Data are at 1 s
resolution from 0011.25 to 0013.25 UT on 25 April 1984.
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Figure 11. Overlapping (out-of-phase) quasi-periodic pulsations
at 245 MHz. Data are at 1 s resolution from 0012 to 0014 UT on

25 April 1984.
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6. Discussion

In this study, we sought to define the dominant periodicities in the
range two to ten seconds in each of three radio frequencies monitored by the
RSTN telescopes during each phase of the flare. The observed
"quasi-periodicities” seem real since observed trends in periodicity at 245
MHz and 8800 MHz fit well with what would be expected based on Kaufmann et
al.’s (1980) findings concerning the relationship between changing repetition
rates and changing radio flux. For instance, Figures 2, 4 and 5 show an
increase in repetition rates for the post-maximum phase and then a decrease by
the gradual phase. These observations are consistent with the results of the
power spectral analysis which show the same trend. Also, the apparent loss of
significant periodicity at 8800 MHz by the gradual phase supports our premise
that the periodicities during the preflare interval at this frequency were
caused by the "background" solar emission. The absence of any significant
periodicity during interval D is probably due to the relative insignificance
of the "background" emission when compared to the average flux of 600 SFUs,
which is well above quiet sun values. Indeed, the power spectral analysis at
8800 MHz shows the largest frequency during the impulsive phase, a smaller
frequency during the post-maximum phase and the disappearance of any
significant frequencies by the gradual phase. Figure 5 confirms this decrease
in repetition rate by the gradual phase at 8800 MHz.

For interval A, the spread in periodicities and the absence of a dominant
periodicity throughout all eight frequencies suggest that the data is free
from strong periodicities in the range two to ten seconds attributable to
broadband system noise or local interference. However, the Fourier power
spectrum plot for 610 MHz (Figure 12) clearly shows the data is "noisy". A
possible source for some of this "noise'" could be rounding of values,
especially at lower frequencies where the variance is of the same order as the
data accuracy. For example, the periodicity at 245 MHz during interval A
appears questionable. It is uncertain whether the observed periodicity
results from rounding of values due to the very small amplitudes of the the
fluctuations, 1 to 5 SFUs, or from the cumulative effect of many, very short-
lived bursts with peak fluxes around 10 SFUs (evident in Figure 2). Another
explanation could be the changing or unstable periodicities noted when we
searched the plots for the Fourier '"quasi-periodicities". 1In this case, there
might be significant periodicities, but these periodicities would not remain
constant throughout the analysis interval (Rust 1985). At higher frequencies
(greater than 2695 MHz), the observed periodicities seem to result from a
"background noise'" from the Sun, but they may also be due to a succession of
small, impulsive bursts or some atmospheric phenomena. However, the

possibility that they may be due solely to some raudom process caunnot be
eliminated.

Based on the appearance of our Fourier power analysis plots, it becomes
evident that there are no "true" periodicities; but we did find evidence of
"quasi-periodicities”". We use the term '"quasi-periodic" because the
observed periodicities tend to occur over a range of values evidenced by
double or even multiple peak maximum, the peaks were not necessarily of
equal amplitudes, and their temporal spacing could only be determined to
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Figure 12 - Fourier power spectrum plot for 610 MHz
during the Preflare interval or interval D. Data has
been filtered to remove periodicities greater than

10 s. Data are at 1l-second resolution from 2330 UT to

2344.17 UT on 24 April.
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closely fit the Fourier values since the analysis program does not identify
those peaks contributing to the '"quasi-periodicity". The "quasi-periodic"
episodes shown in Figures 9 and 10 (interval C) seem to closely fit the
"quasi-periodic" events of the Parks and Winckler (1969) type. However, the
vast majority of the peaks fitting the Fourier results occurred only in pairs
indicating a random process rather than some physical mechanism. Ve,
therefore, felt that the Fourier analysis techniques did not show conclusively
that "quasi-periodicity” was present in all intervals in which they showed
peaks in the power spectrum curves at the 95% confidence level. Based on the
results of our subsequent searches for 'quasi-periodicities", we felt Fourier

analysis techniques do not adequately analyze for the presence of
periodicities.

The suggested presence of two, out-of-phase, '"quasi-periodic" events
occurring simultaneously as shown in Figure 11 may indicate two emission
sources. Indeed, observations from Tokyo Astronomical Observatory, Japan,

did show two flaring areas within the region after 0100 UT (they were not
observing before this time) (Kai, 1985). The presence of two emission sources
would certainly contribute to making any results ambiguous. Additionally, the
peaks analyzed were composed of an overlapping fine structure poorly
resolvable using 1 s data (Kaufmann, 1985).

Our results may have been more conclusive had we analyzed more events,
or if we had had some correlative data. As it turned out, Palehua Solar
Observatory observed the event manually but was unable to record the radio
data due to electrical power problems. This eliminated our hopes for
simultaneous observations from two observatories using the same equipment and
monitoring the same frequencies. These simultaneous observations are
particularly critical for microwave frequencies below 10 GHz since radio
emissions in this range do not correlate well with hard x-ray emissions.

Finally, our observations of quasi-periodicities of 4, 6, 9 and 10
seconds agree fairly well with quasi-periodicities reported by Cliver et al.
(1976) using 2.8 GHz and with Kaufmann et al. (1977), who used 7 GHz data.
Our use of a highpass filter is similar to work done by Urpo et al. (1981).

7. Conclusions

From our analysls, we conclude the following: (1) The RSTN data does
contain a significant amount of "noise'" which should be filtered out if ome
is interested in the very fine structure in the data. (2) The "noisiness" of
the Fourier plots is partially due to shifting periodicities (Rust 1985).

(3) Periodicities in the range two to ten seconds should be resolvable from
the RSTN data, but higher resolution data would have been more desirable
since the longest interval of '"quasi-periodicity" noted was on the order of
one minute. (4) These "quasi-periodicities" are similar to tho